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TiO2 is a promising material for photo-catalytic water splitting and carbon 
dioxide reduction, both of which strongly depend on the positions of the 
valence and conduction band edges. Hence to modify the bandgap and also the 
valence and conduction band edge positions of TiO2 to satisfy the energetic 
requirement for a photocatalytic reaction is one of the objectives of this thesis. 
While, pure TiO2 is a semiconductor, Niobium (Nb) or Tantalum (Ta) doped 
(alloyed) TiO2 shows metallic behavior. Hence it is important to study this 
transition from an insulator to a metal in detail, not only for the interesting 
fundamental science but also for its potential applications as transparent 
conducting oxides (TCOs). In addition, the magnetic property of TiO2 
substrate is studied as it is commercially available and is frequently used in 
many experiments involving dilute magnetic semiconducting oxide thin films. 
Besides TiO2, a metallic oxide (SrNbO3) with optical bandgap of 4 eV is 
studied for the potential application as TCOs and as photocatalyst in water 
splitting. 
Ta doped (alloyed) TiO2 thin film in anatase form is prepared by pulsed laser 
deposition and characterized by X-ray diffraction and Rutherford 
Backscattering Spectrometry. UV-visible spectroscopy shows the blue shift of 
the optical bandgap of the samples with increasing Ta concentration and the 
negative shift of the flat band potential (decrease of work function) with Ta 
doping (alloying) is verified by electrochemical impedance spectroscopy. By 
considering the changes of the optical bandgap and Fermi level, it is 
concluded that both the conduction and valence band edges shift negatively 
(the energy difference between the level and vacuum level is decreasing) with 
Ta concentration but with the former faster. Hence it is expected that the 
performance of Ta doped (alloyed) TiO2 in photocatalytic experiments should 
improve as the electrons in the conduction band have higher energies. 
Pure anatase TiO2 thin film prepared under high vacuum may incorporate 
oxygen vacancies, which act as electron donors while the randomly distributed 
oxygen vacancies may introduce trapping potentials, which then reduce 
electrons’ mobility. As a result of these, TiO2 undergoes a metal-to-insulator 
transition at low temperatures. The transport behavior at low temperatures 
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may be attributed to variable range hopping showing strong coupling in 
magnetic field induced positive magnetoresistance. On the other hand, tuning 
the oxygen partial pressure during growth tunes the oxygen vacancies and 
compensating defects that in turn cause a resistivity-minimum, which is 
almost independent of the growth-temperature (within the favorable 
temperature range for the formation of anatase phase of TiO2). 
TiO2 thin films with low Ta concentration (0.1% to 0.4%) are prepared for 
studying transport property as a function of Ta concentration. It is shown that a 
transition of strong to weak localizations exists at low temperatures (compared 
to undoped sample). Ta doping can improve the crystallinity of the sample as 
it can suppress the formation of oxygen vacancies, which then reduces 
localizations. 
Reversible ferromagnetism has been found in commercially available rutile 
TiO2 substrate by simply annealing it in high vacuum and recovering the 
non-magnetic state by annealing it in oxygen rich environment. It is shown 
that Ni impurity, which is responsible for the observed ferromagnetism, may 
exist in the pristine sample and can segregate to the top surface by vacuum 
annealing. The embedded Ni clusters in the vacuum annealed TiO2 crystal near 
the sample surface will form a cermet structure, which exhibit a tunneling 
transport behavior at low temperatures. 
An exciting TCO candidate SrNbO3+δ film forms cubic perovskite structure on 
LaAlO3 substrate with a lattice constant close to 4.1 Å. The optical bandgap of 
the film is measured as 4.0 eV and slightly decreases with oxygen partial 
pressure. Surprisingly, such large bandgap material prepared at 1 × 10-5 Torr 
shows very low resistivity (~1.8 × 10-4 Ω-cm at room temperature), which is 
weakly dependent on the temperature. The resistivity of the film is strongly 
dependent on the deposition pressure where the films become insulating for 
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Chapter 1 Introduction 
1.1 Motivation and scope of the thesis 
Titanium dioxide (TiO2) is one of the most important oxide semiconductors on 
account of its diverse applications in heterogeneous catalysis [1, 2], solar cells 
[3, 4], water splitting [5-7], gas sensors [8, 9], optical coating [10], and 
electronic devices [11]. It has found applications in bone implants (because of 
its biocompatibility) and in lithium batteries (because of its chemical 
compatibility) [12-15]. Most of the applications are related to the bandgap 
edges and the position of Fermi level of the material. TiO2 only absorbs 
ultraviolet light because of its large bandgap. People have modified TiO2 by 
anionic dopants for narrowing its bandgap so that more solar energy can be 
utilized [5, 16-19]. Regarding the shift of TiO2 absorption onset towards 
visible region, several mechanisms were proposed although a debate existed 
[20-24]. Meantime, the effect of cationic dopants on the catalytic properties of 
TiO2 generated wide interest [25-29]. Recently, blue shift of the optical 
bandgap of TiO2 upon Ta incorporation was discovered [30]. However, the 
mechanism, especially the effect of cationic dopants (Ta) on the energy levels 
of TiO2 is not systematically studied. This thesis will discuss the fundamental 
electronic and optical properties of TiO2, which will enable us to understand 
the material better and engineer it (especially bandgap edges and Fermi level) 
for various applications with increased efficiency.  
In last two decades, tremendous efforts were putted into studying the dilute 
magnetic semiconductors (DMS) for the applications in spintronic devices 
[31-37]. However, this future becomes less rossy because there is lack of 
sufficient evidence for the absence of magnetic impurities [38]. Here we will 
show some cautionary results regarding the study of DMS.  
Recently, the predomination of semiconductors in photocatalytic water 
splitting studies was challenged by a metallic oxide, strontium niobate [39]. 
However, there is short of expectations that the mobility of the carrier can 
cover the shortage of internal field, which is needed to split photon generated 
electron-hole pairs. We have prepared single crystalline SrNbO3 thin film and 
its structural, electronic and optical properties will be shown in details.  
In this chapter, a basic introduction of energy bandgap and Fermi level will be 
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done as they are the “key concepts” to understand some of the experimental 
phenomenon in the following chapters. Then a brief introduction about TiO2 
and its application will be presented. In chapter 2, experimental thin film 
preparation and characterization techniques will be introduced. The effect of 
oxygen vacancies on the electronic transport properties of TiO2 thin film in 
anatase phase will be discussed in chapter 3. In chapter 4, the studies of the 
blue shift of the bandgap of TiO2 upon Ta incorporation will be developed by 
studying the corresponding shift of the Fermi level. From which we have 
concluded that Ta incorporation causes both the conduction and valence band 
edges shifting towards vacuum level with the former faster. This compelling 
finding has given us a reasonable assumption that Ta incorporated TiO2 can be 
applied better than pure TiO2 in photo-catalytic experiment. The incorporation 
of Ta ions caused insulator to metal transition of TiO2 film in anatase phase is 
studied in chapter 5, where the measured transition point of Ta concentration is 
compared to the estimated value in chapter 4 and showing consistency. In 
chapter 6, reversible ferromagnetism of TiO2 substrate in rutile phase due to 
segregation and diffusion of nickel impurities are carefully studied. In chapter 
7 we will show that SrNbO3 can form single crystalline film with perovskite 
structure on LaAlO3 substrate. The film has a large optical bandgap (close to 4 
eV) but surprisingly a low resistivity (in the order of 10-4 Ω∙cm at room 
temperature). This low resistivity is contributed more by the charge carrier 
density (in the order of 1022/cm3 at room temperature) than by the mobility 
(within 10 cm2/Vs at room temperature). Last chapter is the summary and 
outlook of this thesis, where the difficulties of implementing the assumption in 
chapter 4 is pointed out. In addition, some aborted results are briefly 










1.2 Brief introduction of concept of energy bandgap 
 
 
Figure 1.1: Schematic graphs of the band structures of (a) metal, (b) 
semiconductor, (c) insulator as defined in conventional textbooks. 
Energy bandgap (Eg) is the concept in solid state physics to categorize 
materials in terms of their electronic properties as metals, semiconductors and 
insulators. Electrons moving in a solid are affected by the periodic potential 
which depends on the crystal structure. By considering the overall effect of 
periodic potential, there is a forbidden region for electrons to exist in the 
energy levels, which is called energy bandgap. As shown in Fig. 1.1, energy 
bandgap (Eg) separates the conduction band (CB) and valence band (VB). In 
some references, Eg is used to differentiate metal, semiconductor and insulator 
[40]. In metals (Fig. 1.1(a)), bandgap does not exist; hence, electrons can 
move freely within the states. In semiconductors (Fig. 1.1(b)), Eg is less than 4 
eV. When Eg is above 4 eV, the solid is normally classified as insulator (Fig. 
1.1(c)). However, as the development of doping method, the boundary 
between semiconductors and insulators is no longer so strict (4 eV). Some 
material with small bandgap (< 4 eV) may be very resistive when the Fermi 
level is far away from the bandgap edges; on the other hand, some material 
with large bandgap (> 4 eV) may become semiconducting when energy levels 
are formed near the bandgap edges. Hence the ability to create shallow energy 
levels can be used as a criterion to separate semiconductors from insulators. In 
semiconductors, shallow energy levels near the bandgap edges can be easily 
formed by intrinsic or extrinsic doping, which will be able to promote donor 








Eg < 4 eV Eg > 4 eV
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In contrast, the preference to create such shallow energy states in the bandgap 
of insulators is weak [41]. 
The relative position of the Fermi level to the bandgap edges may further 
classify semiconductors. For intrinsic semiconductor (Fig. 1.2(a)), Fermi level 
(Ef) is at the center of the bandgap. When Ef is close to the CB, it is called 
n-type semiconductor (Fig. 1.2(b)) because the dominant charge carrier is 
electron. When Ef is close to the valance band, it is called p-type 
semiconductor (Fig. 1.2(c)) because the dominant charge carrier is hole. When 
the defect bands are broad or are close to the CB/ VB and Ef crosses the CB 
edge or VB edge due to extrinsic doping, it is called degenerate semiconductor 
(Fig. 1.2(d)), which will show some metallic characteristics. Actually, doping 
is one of the most effective ways of introducing charge carriers in 
semiconductors. N-type or p-type semiconductors’ formation depends on the 
outer shell electrons of the dopant compared with those of the host material. 
When the outer shell electrons of dopant are more, extra electrons will be 
donated to the host semiconductor. While in the opposite case, the dopant will 
require electrons from the host semiconductor and holes are then donated to 
the semiconductor. 
 
Figure 1.2: Schematic graphs of the band structures of (a) intrinsic 
semiconductor, (b) n type semiconductor, (c) p type semiconductor, (d) 
degenerate semiconductor. 
Electrons in VB are strongly bonded or localized, while electrons in CB are 
highly mobile. Their differences are quantified by the concept of “Mobility”.  
One of the most obvious quantities to separate metals, semiconductors and 
insulators is the conductivity, which depends on the mobility and the density 















of charge carriers. Their relationship is expressed by a simple formula in 
Drude model [42, 43]: 
                                            (1.1) 
where σ is the total conductivity, e is the electronic charge, np and ne are the 
densities of hole and electron, while μp and μe are the mobilities of hole and 
electron, respectively.  
Electrons can transit within or across the bandgap when they acquire sufficient 
energy provided thermally or by electromagnetic radiation, which has 
applications in energy conversion devices like solar cells, light emitting diodes 
(LED) etc. Besides, many important characterization techniques including 
Photoluminescence (PL), X-ray spectroscopy (XPS), UV-visible spectrum, etc., 
were also designed based on this. In this thesis, most of the phenomenon will 
be explained based on “band theory” which is one of the most important 
concepts in solid state physics.  
1.3 Fundamental physical and chemical properties of TiO2 
1.3.1 Crystal structures 
There are three major phases of TiO2 crystals in nature, which are rutile, 
anatase and brookite. Among them, rutile and anatase phases have received 
more attentions because of their wide applications. Rutile phase of TiO2 is the 
most stable form, which has tetragonal structure. It belongs to the space group 
P42/mnm [44, 45], as shown in Fig. 1.3(a). The lattice parameters are: a = b = 
4.587 Å, c = 2.954 Å [46, 47]. Each unit cell contains two Ti atoms which are 
located at (0, 0, 0) and (1/2, 1/2, 1/2), and four O atoms are located at (± u, ± u, 
0) and (± (u+1/2), ± (1/2-u), 1/2), where u = 0.305 Å. Each Ti atom is bonded 
to six O atoms, where the TiO6 octahedron is slightly distorted, with the 
equatorial Ti-O bond length of 1.946 Å and the apical Ti-O bond length of 
1.983 Å. The O-Ti-O bond angles have three values, which are 90°, 81.21°, 
and 98.79°. 
Anatase TiO2 is a metastable phase and can transform to rutile upon heating. It 
also has tetragonal structure but belongs to the space group I41/amd [48], as 
shown in Fig. 1.3 (b). The lattice parameters are: a = b = 3.782 Å, c = 9.502 Å 
[46, 47]. Each unit cell contains four Ti atoms which are located at (0, 0, 0), 
(1/2, 1/2, 1/2), (1/2, 0, 1/4) and (0, 1/2, 3/4) while eight O atoms are located at 
p p e een en   
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(0, 0, ± u), (1/2, 1/2, (1/2 ± u)), (1/2, 0, (1/4 ± u)) and (0, 1/2, (3/4 ± u)), where 
u = 0.208 Å. Each Ti atom is bonded to six O atoms, where the TiO6 
octahedron is also slightly distorted, similar to rutile, with equatorial and 
apical bond-lengths of 1.934 Å and 1.980 Å, respectively. The O-Ti-O bond 
angles have three values, which are 90°, 78.1°, and 101.9°. 
 
Figure 1.3: Schematic graphs of the crystal structure of TiO2 with form (a) rutile, 
(b) anatase, (c) brookite. 
Brookite TiO2 has orthorhombic structure and belongs to space group Pbca 
[49], as shown in Fig. 1.3(c). Each Ti sits at the center and coordinated 
octahedrally by six O atoms. The lattice parameters are: a = 5.456 Å, b = 
9.182 Å and c = 5.143 Å [45]. There are eight TiO2 groups in Brookite unit 
cell, which is much larger than rutile and anatase. Brookite is the metastable 
form as well, which will change to rutile form above 750°C [50, 51]. 
In the following chapters, TiO2 films are prepared in anatase phase which 
requires suitable substrate with small lattice mismatch. In addition, to 
eliminate the effect of the substrate on the measured electronic and magnetic 
signals of the sample, the substrate should be thermally inert in high vacuum 
because most of the films are prepared under such condition. LaAlO3 (100) 
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was chosen as it satisfies all the above requirements. It has pseudocubic 
structure with the lattice constant a = 3.793 Å [52]. The small lattice mismatch 
(0.26%) between the film and the substrate promises the high quality of the 
sample. LaAlO3 is thermally robust, which still shows insulating when it is 
annealed under the pressure 1 × 10-6 Torr and the temperature 800°C for more 
than 2 hours. 
1.3.2 Electronic structures 
The density of states (DOS) of three phases of TiO2 introduced above have 
been extensively studies by density function theory (DFT) calculation [53]. 
Separated by the bandgap, the upper part of VB is mainly generated by O2p 
orbital and the lowest part of CB is mainly generated by Ti3d orbital which is 
composed of t2g (dxy, dxz and dyz) and eg (dz2, and dx2-y2) bands. There are 
hybridizations between O2p and Ti3d orbital in both VB and CB regions. 
Although the DFT calculation has some limitations [54], such as weak 
predictions of bandgap value, its results were widely applied in explaining 
other phenomena and can be used for engineering the band structures of TiO2. 
The absolute value of bandgaps of TiO2 obtained from DFT calculation are 
much smaller than the actual value obtained from X-ray absorption experiment. 
The experimental results show that rutile TiO2 has direct bandgap of 3.0 eV 
and anatase TiO2 has indirect bandgap of 3.2 eV [55, 56]. The 0.2 eV energy 
difference was predicted by DFT calculation as well. Although the bandgaps 
of rutile and anatase are quite close, the electronic properties are very different 
[30, 57]. Anatase can become metallic upon introducing appropriate cationic 
dopants while, in contrast, rutile remains semiconducting. This is because in 
anatase phase a shallower defect level is formed upon doping [58]. The details 
on this phenomenon will be further discussed in the following chapters.   
1.4 Typical applications of TiO2 
TiO2 is widely applied as photo-catalyst [1, 3], as gas sensors [8, 9], in solar 
cells [4, 59], as heterogeneous catalysis [2], as corrosion protective coating 
[10], in electronic devices [11] and as white pigment [60]. Some of the 
applications are related to surface chemistry, and other various applications 
may be met by an appropriate tuning of the Fermi level. Due to the high 
dielectric constant and the high refractive index, rutile is suitable for electronic 
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and optical purpose while anatase is more suitable for catalysis purpose. In 
some applications, mix of rutile and anatase phase was shown as the optimized 
case. Here we will address several applications in details with an appropriate 
design of the experiments.  
1.4.1 Transparent Conducting Oxides (TCOs) 
A material with bandgap of ~ 3 eV will be transparent over the entire visible 
spectrum. Some of these (oxide) materials can be doped with shallow defect 
states, which can induce enough amounts of donors at room temperature to 
make the sample conductive. Then the material becomes both transparent and 
conductive [61, 62]. These kinds of materials are widely used in 
photo-electronic applications such as an ohmic contact electrode, as 
transparent windows in photovoltaic devices etc. To date, the commercially 
available TCOs include Tin doped Indium oxide (ITO) and Fluorine doped Tin 
oxide (FTO); the former has higher conductivity and is more expensive while 
the latter is cheaper and has lower transparency and conductivity. Recently, Nb 
doped anatase TiO2 and Ta doped anatase TiO2 were shown as interesting 
candidates [63, 64]. Here we will show that the bandgap and conductivity 
depend on the doping concentration in a wide range. 
1.4.2 Dye Sensitized Solar Cell (DSC) and water splitting 
Different from that in TCOs, where the absolute value of bandgap is crucial, in 
DSCs (first invented by Michael Grätzel, hence it is also called the Grätzel’s 
cell) the locations of the bandgap edges are more important [4]. As shown in 
Fig. 1.4(a), typical DSC includes working electrode, electrolyte and counter 
electrode. Normally, mesoporous TiO2 (made of TiO2 powders code P25 
which contains 80% of anatase and 20% of rutile phases) nanocrystalline layer 
on top of TCO substrate behaves as working electrode. TCO glass provides 
electrical contact for TiO2 as well as letting light pass through.  There is a 
layer of dye absorbed on the surface of TiO2 particles, which is used for light 
absorbing. A redox couple (normally the iodide/triiodide couple) is dissolved 
in the electrolyte, which can mediate charges through the cell. The counter 
electrode is a piece of platinum coated TCO glass, which is attached to the 
working electrode by a melted polymer sealant, with electrolyte sealed in 
between. The working principle is shown in Fig. 1.4(b). In working process, 
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light enters the cell through the TCO of the photoanode and is then absorbed 
by the dye molecules. Electrons will then be excited from the highest occupied 
molecular orbital (HOMO) level to the lowest unoccupied molecular orbital 
(LUMO) level of the dye and then injected into the TiO2 layer in 
subpicoseconds. Electrons will be transferred to the TCO of the working 
anode and then passing through the external circuit to the counter electrode. 
The oxidized dye will be reduced by iodide species in the electrolyte which 
are oxidized into triiodide. The electrons at the counter electrode can reduce 
the triiodide into iodide, thus establishing a closed circuit.  
 
Figure 1.4: Schematic graphs of the (a) structure of DSC, (b) working principle 
of DSC. 
The efficiency of DSC is determined by open circuit voltage (Voc), short 
circuit current (Isc) and the fill factor (ff). Voc is defined as the potential 
difference of the quasi Fermi level of TiO2 and the electrochemical potential of 
the electrolyte. Isc depends of the charge injection, separation and 
recombination efficiencies. Both the factors depend on the location of CB 
edge of TiO2. Hence understanding the CB edge movement is crucial to 
explain the dependence of efficiency of DSC by doping TiO2 with cations or 
anions.  



































energy. Besides, it also can be used to convert solar energy into chemical 
energy, in which, splitting water into H2 and O2 is the most important one. 
TiO2 is the first oxide material used in photo-catalytic water splitting 
experiment done by Fujishima and Honda [65]. As shown in Fig. 1.5(a), when 
the surface of TiO2 is irradiated, photons with energies larger than 3.2 eV get 
absorbed. Electrons are excited from the VB to the CB leaving holes in the 
former. As the energy level of the VB edge is lower than the H2O oxidation 
level, holes diffuse to the surface of TiO2 and convert H2O into O2. The 
excited electrons flow to the counter electrode and reduce H+ into H2. In this 
experiment, only solar energy was consumed to split water into oxygen and 
hydrogen gases. Hence it attracted a lot of attentions in the “green energy 
resource” studies. Followed by this, several experimental and theoretical 
reports appeared [5, 66]. To split water theoretically, the minimum required 
voltage is 1.23 V. In reality, a much larger bandgap (1.9 ~ 2.0 eV) is needed 
[67]. Besides the bandgap, the band edge position has to be aligned with water 
redox potential. In addition, the electrode material must be chemically stable 
in the electrolyte. These requirements have already limited the available 
material. Fig. 1.5(b) shows the band edge positions of several semiconductors. 
As has been shown by many researchers, TiO2 satisfies all the requirements 
except its large bandgap, which is out of visible light range. To overcome this 
drawback, tuning the bandgap by doping or combining TiO2 with other smaller 
bandgap material was explored [6, 7]. Doping with cationic or anodic ions can 
change the properties (e.g. stability of the phase structure, conductivity, 
transparency) of TiO2 drastically. However, the effect of cationic dopants on 
the shift of the energy levels is not fully understood. In this thesis, we will 
discuss the changing of the bandgap as well as the shift of the band edges of 
TiO2 with Ta concentration, from which, people may get some sense about 




Figure 1.5: Schematic graphs of (a) working principle of semiconductor as 
electrode in photocatalytic water splitting, (b) energy band levels of typical 
semiconductors. 
1.4.3 Other applications 
Rutile TiO2 is an important dielectric material for microelectronic application. 
Depending on the lattice orientation, rutile phase has dielectric constant 
ranging from 90 to 170, which is a high value for capacitors in future 
generations of memories [36]. Besides, TiO2 is a promising candidate for 
applications in spintronics as the discovery of above room temperature 
ferromagnetism in Co doped TiO2 thin films [37]. Nanostructured TiO2 also 
involved in Li ion batteries and electrochromic devices [12, 13]. Not only 
limited in electronical, chemical and environmental applications, TiO2 is 
applied in biological studies as well [14, 15]. Overall, TiO2 is a very 
interesting and important material not only in fundamental physics but also in 
daily applications. 



































Chapter 2 Basic sample preparation and characterization methods 
2.1 Sample preparation technique: Pulsed Laser Deposition 
TiO2 thin films are prepared by Pulsed Laser Deposition (PLD) technique, 
which is a physical vapor deposition process with a precise control on the 
material’s stoichiometry, carried out in a vacuum system. As shown in Fig. 2.1, 
a pulsed laser beam is passed through a glass window and focused onto a 
target. When the energy density of the laser is high enough, a plasma plume 
can be generated. The material flux provided by the plume will then 
accumulate at the surface of the substrate attached onto the heater whose 
temperature can be controlled during deposition. The heater is located 5 –10 
cm away from the target. The laser used in this work is a Lambda Physik 
Excimer KrF UV laser with wavelength of 248 nm, maximum output energy 
of 1 J, pulse duration of 30 ns, and maximum frequency of 30 Hz. Before 
deposition, the chamber is pumped down to a base pressure of 10-7 Torr by 
using turbo molecular pump roughened and backed by an oil free rotary pump.  
The desired material may be grown as thin film in an appropriate ambience 




Figure 2.1: Schematic graph of a pulsed laser deposition setup. 
2.2 Structure characterization techniques 
2.2.1 X-ray diffraction 
X-ray diffraction (XRD) is a nondestructive powerful technique for 
characterizing samples’ crystal structures. The lattice parameter in c-direction 
(perpendicular to sample surface) may be elucidated by using Bragg’s Law 
formulated as: 
nλ = 2dsinθ,                                                 (2.1) 
where n is the diffraction order, λ is the wavelength of X-ray, d is the spacing 
between atomic planes parallel to sample surface and θ is the angle between 
sample surface and the incident X-ray beam, as shown in Fig. 2.2. In this 
thesis, crystal structures of the samples are characterized by Bruker D8 
Discover X-ray system using Cu Kα emission line operated at 40 kV, 40 mA. 
The diffraction pattern is recorded by a VÅNTEC-2000 2D detector, on which, 
an epitaxial film shows an image of bright spots while polycrystalline shows 






















from the integrated curve and formula 2.1. By comparing with the database, 
the crystal structure of the sample can be determined. 
 
Figure 2.2: Schematic graph of the working principle of X-ray diffraction. 
2.2.2 Rutherford Backscattering Spectrometry and Ion Channeling 
Rutherford Backscattering Spectrometry (RBS) is a widely used 
nondestructive nuclear technique for the quantitative determination of the 
composition of a material and depth profiling of individual elements [68]. It 
has good sensitivity for heavy elements of the order of parts per million (ppm) 
and with a depth resolution of the order of several nm. During experiment, a 
beam of protons or α particles (4He2+) generated by an electrostatic accelerator 
(typically of energy 0.5-4 MeV) is directed towards the sample at normal 
incidence, as shown in Fig. 2.3(a). The energy (E1) of the backscattered ions is 
given by [69]: 
,                 (2.2) 
where θ is the scattering angle, E0 is the incident energy while M1 and M2 are 
the mass of the incident particle and the target nucleus respectively.  
In a material consists of two elements with a mass difference of ΔM2, the 
energy separation ΔE1 of backscattered particles is: 
,                                          (2.3) 
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2.3(b), α-particles are backscattered by two different elements with mass M2 
and M2’. The backscattered α particles have different energies, width and peak 
intensities. From the energy (peak position), elemental property of the sample 
can be obtained, while the width tell us the depth of the element in the sample 
and the peak intensities indicate the elemental concentrations. 
 
Figure 2.3: Schematic graphs of the (a) RBS working geometry, (b) RBS 
spectrum operated in random mode. 
The crystal quality (crystal order) can be determined quantitatively by RBS 
operated in ion channeling mode. The working principle can be pictorially 
depicted as shown in Fig. 2.4(a). When the crystal is highly ordered and the 
incident beam is aligned exactly along the crystallographic directions, the 
incident beam is steered away from the lattice atomic strings and mostly 
travelling in the open spaces of the lattice by escaping the wide angle 
backscattering events. In such case the backscattering only occurs when the 


















rows will be shadowed, that’s where the surface peak appears in the 
RBS-Channeling spectra. In contrast, a disordered crystal will increase the 
probability of backscattering of the incident α particle, as shown in Fig. 2.4(b). 
The ratio of the yields from aligned to random spectra at the below of surface 
peak edges is named minimum yield (χmin =ூ೎೓ೌ೙೙೐೗ூೝೌ೙೏೚೘), which provides the 
crystallinity information of an element in the crystal.   
 
Figure 2.4: Schematic graphs of RBS operated in ion channeling mode for a (a) 
perfect lattice, (b) disordered lattice. 
2.2.3 Transmission Electron Microscopy & Energy-dispersive X-ray 
spectroscopy 
Transmission Electron Microscopy (TEM) is a powerful technique for 
charactering the real images of samples with atomic resolution. The essential 
components of a TEM are shown in Fig. 2.5(a). During experiment, electrons 
are emitted from the source, which may be a tungsten filament or a LaB6 
crystal. Then they are accelerated by an electric field and focused onto the 















specimen with some portion of them scattered before passing through the 
sample. A real image will be formed on the imaging device with 
transformation of the diffraction patterns formed by the scattered electrons. 
The crucial part in TEM experiment is the sample preparation process. For 
thin film sample, the sample thickness has to be reduced to 30 – 50 μm scale. 
 
Figure 2.5: Schematic graphs of (a) simple geometry of TEM system, (b) working 
principle of EDX. 
Energy-dispersive X-ray (EDX) spectroscopy is designed based on the 
fundamental principle that each element has a unique atomic structure which 
allows electrons’ transition between different orbitals and gives unique atomic 
X-ray spectrum. As shown in Fig. 2.5(b), electrons in inner orbital can be 
kicked out by external energy source (electrons or protons) and leave the 
orbital empty. Then the electrons in outer orbital can release some energy and 
occupy the empty inner orbital. The released energy maybe in the form of 
X-ray and captured by an energy dispersive spectrometer. The energy 
difference between the outer and inner states is element dependent so that 
EDX can be used to determine the specimen composition. However, some 
elements have overlapped X-ray peaks (e.g., Mn Kβ and Fe Kα, Ti Kβ and V 


























2.3 Optical bandgap and flat band potential study techniques 
2.3.1 Ultraviolet-visible Spectroscopy 
Ultraviolet-visible (UV-vis) Spectroscopy is a technique to investigate the 
transmittance (T), reflectance (R) and absorbance (A) of light of a material in 
solid, liquid or gaseous form. As the name implies, the wavelength covers 
ultraviolet (below 400 nm), visible (400 nm ~ 800 nm) range and a bit of 
infrared region (above 800 nm). The working principle is illustrated in Fig. 
2.6(a), where a portion of the incident light is reflected with the rest 
transmitted or absorbed. Light with energy larger than the bandgap of the 
material is absorbed while that below the bandgap is transmitted. 
The value of T, R and A satisfies the following equation: 
                                              (2.4) 
In uniform material, A is proportional to the sample thickness d as A∝ ߙ ∙ ݀, 
where α is the absorption coefficient. The wavelength dependent of α can be 
used to obtain optical bandgap, which will be shown in chapter 4. During 
experiment, monochromatic light intensities before (I0) and after (I) passing 
through the sample are taken which gives T as (I/I0), as shown in Fig. 2.6(b). 
 
Figure 2.6: Schematic graphs of (a) working principle of UV-vis spectroscopy, (b) 
simple geometry of UV-vis spectroscopy system. 
2.3.2 Electrochemical Impedance Spectroscopy 
Electrochemical Impedance Spectroscopy (EIS) is a popular frequency domain 
























the characterization of electrode processes and complex interfaces. During 
operation, a small amplitude, sinusoidal voltage ( ) is applied across 
the sample with the magnitude and phase angle of the current response 
( ) captured as a function of frequency. The complex impedance 
can be calculated based on the following formula: 
                          (2.5) 
where , is the total impedance, is the real part,  
is the imaginary part, ω is the radial frequency, V0 and I0 are the amplitudes of 
the applied voltage and recorded current , and θ is the phase shift angle 
between the voltage and current.  
As the impedance of a real system can be equivalent to the combinations 
(either in parallel or in series) of basic elements (e.g. resistor, capacitor and 
inductor) whose characteristic current responses of voltage are well known, in 
actual operation, an equivalent circuit is needed to simulate the experimental 
frequency-dependent impedance. A complex system may be represented 
mathematically by many possible equivalent circuits having multiple circuit 
elements and parameters; however, a proper equivalent circuit should be built 
up that can bring out a physically meaningful model explaining the system. 
2.4 Transport properties study technique: Physical Property 
Measurement System 
Physical Property Measurement System (PPMS) is an instrument to perform 
electrical and magneto-transport measurement at varying temperatures 
(ranging from 2 K to 400 K) and magnetic field (ranging from -9 Tesla to 9 
Tesla). In transport studies, typically three types of measurements 
(temperature dependent resistance (R(T)), magnetoresistance (MR) and Hall 
effect) are performed. The resistance measurement may be performed with 
four probes either in van der Pauw configuration (Fig. 2.7(a)) or linear 
configuration (Fig. 2.7(b)). In the former geometry, current is applied along 
one edge of the sample (I12) and the voltage is measured along the opposite 
edge (V34). Then a resistance R12, 34 is defined as V34/I12. Similarly, another 
resistance R13, 24 can be obtained. From these two resistances, the actual sheet 
resistance (Rs) of the sample can be calculated based on the following formula 
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                                    (2.6) 
In most cases, exact value of Rs cannot be calculated from above equation 
except when R12, 34 = R13, 24 = R, then Rs is given by 
                                                   (2.7) 
For a known sample thickness (d), the resistivity (ρ) can be calculated as  
ρ = Rs · d                                                   (2.8) 
For the linear geometry, metal electrodes need to be placed on the sample to 
make the equal potential along each electrode. Then the resistivity of the 
sample is calculated as: 
                                                   (2.9) 
where R is the measured resistance, A is the cross-section area and l is the 
length between two voltage electrodes, as shown in the figure. 
In the presence of magnetic field, the transport properties of a material may be 
changed. Among which, MR and Hall effect measurements are normally 
performed. The former is the study of the R(T) under magnetic field and the 
in-plane and out-of-plane MR of the specimen is measured with magnetic field 
parallel or perpendicular to its surface. Mathematically MR is defined as 
MR ൌ ோ೑೔೐೗೏ିோ೏೔ೝ೐೎೟ோ೏೔ೝ೐೎೟ 	ൈ 100%                                   (2.10)  
where Rfield and Rdirect are the resistances measured with and without applying 
magnetic field.  









Figure 2.7: Schematic graphs of bonding in (a) Van der Pauw configuration, (b) 
linear configuration, (c) Hall measurement configuration. 
The latter, Hall effect measurement is normally applied to study the charge 
carrier density and mobility. By passing through a current across the sample 
under magnetic field (with perpendicular component to the current direction), 
electrons deviate from their straight path, which accumulates charges on one 
face of the material. As a result, an in-plane potential difference is built up and 
perpendicular to the current direction. The measurement configuration is 
shown in Fig. 2.7(c), where current and voltage electrodes are bonded 
diagonally onto the sample. By scanning magnetic field (B), the built up 
voltage of a constant current (I) is defined as Hall voltage (VH). With known 
sample thickness (d), the charge carrier density can be calculated with 
following equation: 
                                                (2.11) 
If there is only one type of charge carrier (e.g. electron, n) dominate in the 
semiconductor, the corresponding mobility (μ) can be obtained as: 
ߤ ൌ 	 ଵ௘௡ఘ                                                   (2.12) 
2.5 Magnetism and impurity characterization techniques 
2.5.1 Superconducting Quantum Interference Device-Vibrating Sample 
magnetometers 
The magnetic properties of samples (magnetic moment (M) versus 
temperature (T) or magnetic moment (M) versus magnetic field (H)) can be 

















magnetometers (SQUID-VSM), which is designed based on Josephson Effect 
[71, 72]. As shown in Fig. 2.8(a), a Josephson junction is formed by 
sandwiching a thin layer of insulator by two weakly coupled superconductor 
layers. In superconductor one the electron-pair wave has phase ߶ଵ while the 
electron-pair wave has phase ߶ଶ in superconductor two. When the thickness 
of the insulator is close to several nanometers, a tunneling current may pass 
through the junction as a function of the phase differenceሺΔ߶ ൌ 	߶ଵ െ ߶ଶሻ 
even in the absence of applying any voltage: 
i ൌ ݅௖ݏ݅݊Δ߶                                                (2.13) 
where ic is the critical current, a parameter which can be affected by 
temperature and applied magnetic field. 
By compiling two Josephson junctions in parallel as a loop, as shown in Fig. 
2.8(b), a simple SQUID device may be constructed for detecting magnetic 
signals. Without external magnetic field, an input current (I) will split into two 
equal branch currents (Ia, Ib). In the presence of an external magnetic field (B), 
a screening current (Is) will flow in the circle to cancel the external magnetic 
flux (Φ). Hence the currents across the two junctions become (I/2 + Is) and (I/2 
- Is) separately. Whenever either of them exceeds the critical current of the 
Josephson junction, a voltage can be measured. Further increase Φ to exceed 
half the magnetic flux quantum (Φ0 =ଶ௘௛ ൌ 2.07 ൈ 10ିଵହWb, e is the electronic 
charge and h is Planck’s constant) will cause Is to flow in the opposite 
direction to ensure the flux in the loop be an integer number of Φ0. Thus Is 
changes its direction with a period of Φ0. Hence the magnetic signal can be 
measured in the electric signal [73]. During experiment, the system utilizes a 
superconducting magnet (solenoid superconducting wire made of NbTi alloy) 
to generate magnetic fields up to 9 Tesla and uses thermal heater and liquid 
Helium, which is compressed from Helium vapor to tune the sample 
temperature in the range of 400 K to 2 K. The sample under magnetic field 
will be magnetized with magnetic moment (M), and then generate flux in the 
SQUID coils been detected as electrical outputs. The sample is mounted onto 
a quartz holder by (GE) 7031 varnish with good thermal contact even at low 




Figure 2.8: Schematic graphs of the working principles of the (a) Josephson 
junction, (b) SQUID. 
2.5.2 Secondary Ion Mass Spectroscopy 
Secondary Ion Mass Spectroscopy (SIMS) is a destructive technique used for 
analyzing the composition of solid materials. During experiment, the surface 
of the specimen is sputtered by primary ion beams (Ar+) with secondary ions 
been ejected out of the surface and been collected by a detector and analyzed 
by mass spectrometer. SIMS is an extremely sensitive technique, which can 
limit the accuracy to ppm level. Similar to RBS, it is an ion mass sensitive 
technique, which is not sensitive to atomic states. To specify the ion state, 






















Figure 2.9: Schematic graph of the working principle of XAS. 
2.5.3 X-ray Absorption Spectroscopy 
X-ray Absorption Spectroscopy (XAS) is a technique widely used for 
determining the local geometric and electronic structures of samples, which 
may be in gaseous, liquid or solid phases. During experiment, an X-ray beam 
(usually at synchrotron radiation sources) is used to excite the core electrons to 
vacuum level. As electrons exist at different energy levels, the excitation 
energy is also different. As shown in Fig. 2.9, electrons in states with quantum 
number n =1, 2, and 3 are corresponding to the K, L, and M edges, 
respectively. For example, excitation electrons from 1s level occurs at K edge; 
excitation electrons from 2s and 2p level occurs at L edge. As the excitation 
energy depends on the outer shell electrons as well, XAS is also sensitive to 
the atomic state. The details of this technique including spectrum analysis can 
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Chapter 3 Unexpected variable range hopping (VRH) mechanism 
observed in pure anatase TiO2 thin film 
Oxygen vacancies normally act as electron donor in n-type oxides. Hence we 
should expect resistivity reducing with deposition pressure in preparing thin 
film TiO2 in anatase phase. In such case, a donor level is formed near the 
conduction band edge where the electrons can be driven to the conduction 
band by thermal energy (so called defect band model). More electrons will be 
excited by increasing temperature. As a result, mobility of the free electron 
reduces as the electron-phonon and electron-electron scatterings are enhanced 
[58]. However here, a sharp minimum in the resistivity of TiO2 in anatase 
phase as a function of the sample preparing oxygen pressure was observed. 
The mobility of the sample with minimum resistivity increases with 
temperature, which is opposite of the expectation. The resistivity minimum 
formation is attributed to the competition between formations of oxygen 
vacancies and compensation defects (e.g. cationic vacancies). Such argument 
was developed from variable range hopping (VRH) mechanism, which is 
understood as the result of random potential induced electron trapping [75]. As 
the defects in TiO2 (anionic and cationic) depend on the oxygen pressure, their 
effect on the VRH becomes crucially important not only for the fundamental 
understanding, but also for wide spread applications of TiO2 [40]. 
3.1 Development of VRH theory 
To understand the physical picture of hopping conduction, we can make a 
simple assumption. In an n type material the donor density ND is larger than 
the acceptor density NA. At low temperatures, equal amount of NA electrons 
will drop down to fill in the acceptor states, leaving a fraction of (ND - NA)/ND 
of donor states been occupied by electrons. As the temperature increases, 
electrons will be excited and hop from the filled to empty donor states [76].   
3.1.1 Mott VRH 
Mott VRH is a model applied in strongly disordered systems for explaining 
low temperature conduction. Its dimensional temperature dependent 







        
                                      (3.1) 
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where σ0, T0 are constants and d is a number represents the dimension. 
In the derivation, the most important assumption is that a hopping electron 
will always try to find the lowest activation energy and shortest hopping 
distance. It is shown that the hopping probability (P) at certain temperatures 
depends on the spatial distance of the sites (r) and the energy separation of the 
sites (W) as: 
ܲ	~	exp ቀെ2ߙݎ െ	 ௐ௞ಳ்ቁ                                       (3.2) 
where α-1 is the attenuation length for hydrogen like localized wave function. 
As essentially pointed by Mott, there is a competition between hopping 
distance r and mismatch energy W [78]. By assuming constant density of 
states near the Fermi level, equation 3.1 can be obtained. 
3.1.2 Efros-Shklovskii (ES) VRH 
In Mott’s derivation, electron-electron correlation was ignored. Later Efros 
and Shklovskii modified equation 3.1 in 3-D case from T-1/4 to T-1/2 by taking 
account of this issue. It was shown that the density of states quadratically 
vanished at the Fermi level, which means a soft Coulomb Gap was formed 
[79]. In many disordered systems, both types of VRH mechanisms may be 
seen. The cross-over happens when the break of the Coulomb Gap by thermal 
energy is present [80, 81]. Here we found that this kind of mechanisms 
cross-over is not the only explanation for the experimental observation. When 
the temperature dependent pre-exponential factor in equation 3.1 was 
considered, temperature dependent resistivity curve could also be fitted well in 
TiO2 thin film system. 
3.2 Sample preparation and characterization 
Epitaxial TiO2 films were deposited by PLD on single crystal LaAlO3 (LAO) 
substrate. The target was made by pressing and sintering TiO2 (99.999% purity) 
powders. During the experiment, a lambda Physik pulsed laser (λ = 248 nm) 
with energy density of 2 J/cm2 and a frequency of 5 Hz was used for ablating 
the target. The base pressure was kept at 5×10-7 Torr for all the depositions. 
Half an hour deposition typically gives 100nm thick films, which was 
measured by Step Profiler and also confirmed by RBS. XRD data show the 
anatase phase of the films, as shown in Fig. 3.1, except the LAO peaks, only 




Figure 3.1: XRD spectrum of pure anatase TiO2 deposited onto LAO (100) 
substrate. Bright spots in two dimensional detection systems indicate the single 
crystallites of the film and substrate. 
3.3 Transport properties and magneto-resistance (MR) studies 
3.3.1 Theoretical mobility and MR in the range of VRH conduction 
In the Drude model, the Hall resistance is inversely proportional to the charge 
carrier density. However, in quantum mechanical phonon assisted hopping 
regime, this simple relation may be no longer valid because it is difficult to 
confirm the existence of the transverse voltage built by field induced force on 
charge carriers in simple Drude system [82]. Holstein is the first person who 
showed a non-vanishing Hall coefficient in the impurity conduction regime 
[76]. He proposed a virtual impurity site beside the origination and destination 
impurity sites. Quantum interference would occur between the direct path 
from origination to destination impurity sites and the indirect path, which 
passing through the virtual site. Theoretical work showed a weak Hall effect. 
After that, Gruenewald calculated the Hall mobility in Mott VRH regime by 
applying percolation theory [83]. According to their calculation, mobility μH 
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where T0 is the same constant in equation (3.1). 
The change of resistance in presence of magnetic field is an important quantity 
to characterize a material’s conduction property. Qualitatively, in hopping 
regime, MR should be positive as the magnetic field will squeeze the wave 
functions in the transverse direction and hence the overlap of the wave 
functions in transport direction is decreased. Mikoshiba is the first theorist 
who showed the exponential dependence of resistivity on magnetic field in 
n-type Germanium [84]. Later Shklovskii derived equations by applying 
percolation theory to explain the large MR in VRH regime [79]. In Mott’s case, 
i.e. with constant density of states, whence the weak field MR should be of the 
form: 
2 3/ 4ln( 1)MR H T                                            (3.4) 
where γ is a constant and H is the magnetic field. 
In the situation when the density of states is governed by the Coulomb gap, 
equation 3.4 will be modified as: 
2 3/ 2ln( 1) 'MR H T                                           (3.5) 
where γ’ is a constant different from γ. 
 
Figure 3.2: Temperature dependent measurement of resistivity for samples 
prepared under deposition temperature 700°C and oxygen partial pressure 
1.2×10-5 Torr, 1.4×10-5 Torr and 1.9×10-5 Torr respectively. The green dash line 
indicates the curve fitting. 
















3.3.2 Experimental results 
Temperature dependent resistivity of samples prepared under 700°C and with 
different oxygen partial pressures are shown in Fig. 3.2. The resistivities of the 
films for pressures above 10-4 Torr are too large to be measured by our system. 
As can be seen, for the sample prepared at 1.4×10-5 Torr, the resistivity firstly 
decreases with decreasing temperature from 300 K and then performs in the 
opposite way. As shown in Fig. 3.3(a), the resistivities of the samples were 
plotted with temperature according to Mott’s VRH formula (equation (3.1)). 
Equation (3.1) was satisfied over a large range of temperatures for all three 
samples in Fig. 3.2, particularly for the sample prepared under 1.4×10-5 Torr 
oxygen partial pressure. The charge transport mechanisms for samples 
prepared under oxygen partial pressure 1.2×10-5 Torr and 1.9×10-5 Torr are not 
fully fitted by VRH. At first glance, the situation of the 1.4×10-5 Torr sample 
should be similar, as we can see the changing of the slope of the straight line 
indicated by the carmine dash line. However, this change in slope  can be 
omitted when the temperature dependent pre-exponential factor is taken into 
consideration [85], as shown in the inset of Fig. 3.3(a). An alternative to the 
temperature dependent pre-exponential factor is the cross over from Mott 
VRH to ES VRH. Using an approach which treats the pre-exponential factor 





           
                                          (3.6)  
where, the exponential factor v may separate the Mott VRH from ES VRH. 





        .                                      (3.7) 
Then the value of v can be obtained by making a linear regression fit to the log 
[w (T)] versus log (T), where the slope of the plot is equal to -v (derivation is 
shown in appendix 1). As shown in Fig. 3.3(b), a changing of -v value can be 
observed, which may indicate a cross over from Mott VRH to ES VRH with 
further decrease in temperature. The transition temperature is around 20 K. As 
both the temperature dependent pre-exponential factor and the VRH transition 
can be used to explain the data, the charge transport mechanism below 20 K 
 30 
 
remains an open question.  
 
Figure 3.3: (a) Plot of resistivity with temperature by Mott VRH theory. Inset is 
the plot by taking considering the temperature dependent pre-exponential factor. 
The dash lines were guided by eyes. (b) Mathematical way to distinguish Mott 
VRH and ES VRH, as described in text. The dash lines were guided by eyes. 
The metallic part of the resistivity at temperature above the resistivity 
minimum can be fitted quite well with the formula considering the electron 
phonon scattering. By taking the following formula, which covers the metallic 
and insulating range, the resistivity data of the sample prepared under oxygen 
partial pressure 1.4×10-5 Torr can be fitted with low error, as shown in Fig. 3.2 
by the green dash line. 
1/4
5 0exp TA T B T C D
T
              
                           (3.8) 
where A, B, C, D, and T0 are constants (values can be found in appendix 2). 
The metallic to insulating transition temperature depends on those constants. 
Approximately, it decreases with the room temperature resistivity of the 
samples, although there are no obvious theoretical reasons behind this. 
By comparing the absolute resistivities of the samples prepared at different 
pressures, as shown if Fig. 3.2, a sharp resistivity minimum is seen at a partial 
pressure 1.4×10-5 Torr. For the samples prepared with 650°C and 750°C, the 
resistivity minimum located quite close to this pressure as well and the 
minimum resistivity values shifted with deposition temperatures 
systematically, as shown in Fig. 3.4. As is well known, oxygen vacancies are 
donors in TiO2. Increasing oxygen vacancies would increase the charge carrier 
densities and the conductivity [58, 88], in disagreement with the present 














































experimental results. To investigate the validity of the results, a statistical 
study was done, especially for the samples prepared under 700°C. As shown in 
Fig. 3.4, resistivities of more than ten samples at room temperature were 
plotted as the function of oxygen partial pressure within a narrow pressure 
range. Although this data is shown only for room temperature a similar 
behavior is observed over the whole temperature range. Obviously there is a 
valley in the plot, which indicates the minimum resistivity of the samples. A 
similar valley was observed in reduced rutile TiO2 bulk crystal, where the 
resistivity minimum was correlated to the change in the defect structures [89]. 
In that system, the charge donor was recognized as Ti interstitials and over 
reducing the sample will format the planar defect and clustering the donor 
centers. The carrier densities of the samples in this system under this 
preparation condition are well below the Mott limit which is close to 5×1018 
cm-3 (assuming an electron effective mass of 1 and a dielectric constant of 31) 
[90, 91]. Hence the electron transport is through hopping and this will depend 
on the number of carriers and also the number of hopping sites which will be 
most likely compensating centers arising from cationic defects [77]. In oxides 
such as TiO2 it has been observed that oxygen vacancies increase with 
decreasing pressure and compensating defects increase with increasing oxygen 
pressure [92]. Hence a cross-over is expected where the highest hopping 
conductivity will be seen which in this case corresponds to 1.4×10-5 Torr. As 
can be seen in Fig. 3.4, for the samples prepared under 700°C, small changes 
of the oxygen partial pressure can induce huge changes of the resistivity 
exceeding almost two orders of magnitude over a 50% change in pressure. 
This may be because the electron hopping probability exponentially depends 
on the distance between the two hopping sites which is oxygen pressure 




Figure 3.4: Statistical study of the room temperature resistivity of the samples 
prepared with different oxygen partial pressure. 
In many spintronic applications magnetic fields are used. It will thus be 
important to understand the MR behavior of these VRH insulators. As shown 
in Fig. 3.5(a), MR in transverse geometry at 2 K and 5 K is positive; however, 
it changes sign to negative when the temperature was above 10 K. In this 
measurement, H // [001], J // [010], as shown in Fig. 3.5(b), H is the direction 
of applied magnetic field, J is the direction of the current density and [001] is 
the direction perpendicular to the plane of the sample. Interestingly, at 8 K, it 
is negative at low field and then changes to positive at high field, as a result of 
the superposition of two curves with different signs. The negative MR could 
be explained by the theory of quantum interference (QI), which occurs 
between the initial and final states during the hopping paths. This theory has 
been applied in many other systems in the VRH regime quite successfully [93, 
94]. The positive MR could be explained by the theory developed by 
Shklovskii, as already introduced in section 3.3.1. As can be seen, the positive 
MR depends on both the magnetic field and the temperature. The relatively 
large variations of MR from 2 K to 5 K and above are identical to the theory. 
Of course the scattering of the hopping electrons by impurity centers might 
participate as well, as suggested by Kitada [88]. Qualitatively, MR induced by 
















QI and shrinkage of the electron wave function both decrease with increasing 
temperature though the latter has the major influence. This can be used to 
explain the changing behavior of MR with increasing temperature, which goes 
from large positive value to large negative value and then approaches zero. 
Interestingly, cubic polynomials are enough to fit all the experimental curves 
in Fig. 3.5(a) (fitting details can be found in appendix 3), which was the result 
of the combination of the mechanisms indicated above.  
 
Figure 3.5: (a) Transverse MR of the sample prepared under oxygen partial 
pressure 1.4×10-5 Torr at different measurement temperatures. The arrows 
indicate the corresponding axis for the data measured at different temperatures. 
The dash lines are fitted to cubic polynomials. (b) Schematic diagram showing the 
MR measurement. (c) Angular dependent MR of the same sample under different 
temperatures and magnetic fields. Rotation angles were described in (b) and the 

















 Fitting at 2K
 5K







 Fitting at 8K  
0 2 4 6 8
 10K
 Fitting at 10K
 H (T)
 50K
















































Angular dependent MR was measured at different fields and temperatures for 
the film, as shown in Fig. 3.5(c); they are almost identical whether H is rotated 
in (010) or (100) planes. The anisotropic MR could be fitted with a cosine 
function with the same period, but different amplitude. The anisotropy is a 
well-known factor induced by quantum interference arising from orbital effect. 
A similar phenomenon was observed in other systems, where QI was the 
dominant mechanism in VRH regime [95]. 
 
Figure 3.6: Hall coefficient (left axis) and mobility (right axis) measurement 
above 50 K for the sample prepared under oxygen partial pressure 1.4×10-5 Torr. 
As discussed above, VRH is involved in the whole measurement temperature 
range although it dominates the transport at low temperature. To investigate, 
normal Hall effect measurement was done. Although a simple Drude model 
relates the Hall coefficient RH and charge carrier mobility is not valid in VRH 
regime anymore, abnormal RH plot strongly suggests non-CB transport 
mechanism [96], as can be seen in Fig. 3.6, where both RH and μH increase 
with temperature. Qualitatively, μH follows this theory but the quantitative 
discrepancy between the experimental value and theoretical expectations 
probably comes from the large scattering in high temperature. The Hall 
measurement below 50 K was difficult to obtain due to enhanced fluctuations 
in the data, may be a characteristic of VRH system.  




























In summary, we have shown the discovery of an anomalous resistivity 
minimum in a TiO2 film prepared at different temperatures and pressures. The 
resistivity is a very sharp function of oxygen pressure. In most of the pressure 
range the transport is VRH though below 20 K it is difficult to differentiate 
between Mott and ES’s mechanism. MR of the sample prepared at 1.4×10-5 
Torr is positive at low temperature (for VRH) but negative beyond 10K 
indicating quantum interference effects further supported by angle dependent 




Chapter 4 Tailoring the bandgap of anatase TiO2 by cationic dopant Ta 
and study of the shift of flat band potential by applying Mott-Schottky 
equation 
As has been introduced in chapter 1.3.2, the anatase phase has indirect 
bandgap, valued as 3.2 eV theoretically. The valence and conduction band 
edges are contributed by O2p and Ti3d orbital. Now if we intentionally replace 
certain amount of Ti by larger ionic radius element, like Ta, the changed 
periodic potential should enlarge the bandgap. In addition, Ta has 5 outer shell 
electrons, which will contribute an extra electron compared to Ti after the 
replacement. Then the charge carrier density in the doped film will be more 
than in pure TiO2. In that case, how is the Fermi level expected to vary with Ta 
concentration?  
4.1 Blue shift of optical bandgap of TiO2 
Experimentally, UV-vis spectrum gives an estimation of the optical bandgap of 
materials with the help of Tauc plot [97]. Depending on the type of the 
bandgap (direct and indirect), Tauc plot has different forms. For the direct 
bandgap (CB minimum and VB maximum are located at the same momentum 
point), the following formula should be applied.  
   2 ghv hv E                                              (4.1) 
where α is the absorption coefficient, described in section 2.3.1. hv is the 
photon energy and Eg is the interested optical bandgap. 
For the indirect bandgap (CB minimum and VB maximum are located at 
different momentum points), Eg can be obtained from the following formula 
   1/2 ghv hv E                                             (4.2) 
One common effect in doping semiconductor is the blue shift of the optical 
bandgap. As the Fermi level crosses over the CB minimum (refer to Fig. 
1.2(d)), electrons excited from the VB have to occupy the new minimum, 
hence the optical bandgap is effectively increased, which is known as the 
Burstein-Moss effect [98, 99]. Kurita described the blue shift of the optical 
bandgap totally due to this effect [91]. However, we found with Ta doping, the 
absolute bandgap changes as well. In addition, both of the conduction and VB 
edges move towards the vacuum level but with the former moving faster 
accounting for the observed blue shift of the optical bandgap.  
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The UV-vis spectrum was measured at room temperature. As shown in Fig. 
4.1(a), transmission edges of TiO2 films near the violet region shift to smaller 
wavelength with Ta concentrations, which causes continuing increase of the 
bandgap in Tauc plot (Fig. 4.1(b)) according to equation 4.2. How to obtain 
the individual shifts of conduction and valence band edges with Ta 
concentrations? Here the shift of the Fermi level of anatase TiO2 thin films 
with Ta doping needs to be considered. 
 
Figure 4.1: (a) UV-vis transmission spectra of pure and Ta-TiO2 samples. (b) Blue 
shift of the optical bandgaps of anatase Ta-TiO2 according to Tauc plot. 
4.2 Mott-Schottky equation 
When an ideal semiconductor (without surface state) is in contact with 
electrolyte, a semiconductor-electrolyte junction is formed, which is similar as 
semiconductor-metal junction (Schottky junction) [100]. The electrochemical 
potential of the electrolyte is similar as the Fermi level of the metal. Therefore, 
under charge transfer equilibrium, a deplete region (space charge layer) is 
formed near the junction in the semiconductor side. As shown in Fig. 4.2, 
when a semiconductor adjacent to a metal under thermal equilibrium, a built in 
potential (Vbi) in the deplete region is formed and related to the difference of 
the Fermi levels of the semiconductor and the metal. The junction behaves like 
a capacitor which can store positive (or negative) charges (Q) in the space 
charge region of N (or P) type semiconductor. The space charge capacitance 
(C) is then evaluated as dሺQሻ dሺVୠ୧ሻ൘  
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Figure 4.2: Energy band diagram of a metal in contact with (a) N type 
semiconductor under thermal non-equilibrium condition (top) or in thermal 
equilibrium (bottom). (b) P type semiconductor under thermal non-equilibrium 
condition (top) or in thermal equilibrium (bottom). Φsc and Фm are the work 
functions of semiconductor and metal. Efsc and Efm are the Fermi levels of 
semiconductor and metal. Vbi is the built in potential in the space charge region 
and e is the elementary charge. Space charge region is shadowed. 
The flat band potential (Fermi level) could be obtained from Mott-Schottky 
equation (depending on the free charge carrier density, as shown below in 
equitation (4.3)), which was derived from the Poisson’s equation by applying 
Boltzmann statistics for Schottky barriers at semiconductor/metal and 
semiconductor/electrolyte heterojunctions with several assumptions, as 
summarized by Cardon [101]: “ (1) the metal or electrolyte and the bulk 
semiconductor phases have zero resistance; (2) the barrier has perfect blocking 
properties; (3) no surface states are present; (4) interfacial layers, such as an 
insulating layer in the semiconductor/metal case or a Helmholtz layer in the 
semiconductor/electrolyte case, are absent; (5) the dielectric constant is 
frequency-independent; (6) only one type of localized electronic defect is 
present, being a completely ionized donor (for n-type) or acceptor (for p-type); 
(7) the spatial distribution of these defects is homogeneous; (8) the interface is 
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                                      (4.3) 
where C is the space charge layer capacitance, ε0 is the vacuum permittivity, εr 
is the static dielectric constant, Nsc is the charge density in the space charge 
region, A is the exposed area of the sample to the electrolyte, V is the applied 
potential with respect to reference electrode, Vfb is the flat band potential, kB is 
the Boltzmann constant, T is the absolute room temperature, and e is the 
elementary charge of electron. 
Although in real cases, some of the assumptions are not sufficiently satisfied, 
equation (4.3) can still be applied in finding the flat band potential as long as 
the proportional relation of 1/C2 and Vfb is valid in a region.  
When the charge carrier density of the semiconductor is larger than 1019 cm-3, 
one cannot apply Boltzmann statistics due to metal-like conducting property 
with significant carrier degeneracy. Instead, a modified Mott-Schottky 
equation was derived by applying a more general Fermi-Dirac statistics and is 
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  is the Fermi level energy and m* is the effective 
electron mass. It should be noted that the difference in the flat band potential 
using equations (4.3) and (4.4) is negligible when free charge carrier density is 
smaller than 5×1020 cm-3. 
4.3 Experimental section 
Single crystal Ti1-xTaxO2 (x = 0.0, 0.015, 0.035, 0.064 and 0.089) films were 
deposited by PLD technique on single crystal (001) LAO substrates. The PLD 
targets were prepared by solid-state reaction of 99.999% pure TiO2 and 99.995% 
pure Ta2O5 powders (bought from Sigma Aldrich Co.). Energy density of the 
laser is around 2 J/cm2 and the frequency is 5 Hz. The oxygen partial pressure 
during deposition was maintained at 1×10-5 Torr with chamber base pressure 
below 1×10-6 Torr and the deposition temperature was maintained at 700°C. 
The deposition lasted one hour with 5 Hz laser frequency giving around 200 
nm thick films. After the deposition, all the samples were annealed in 
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atmosphere at 500°C for 1 hour to minimize the effect of oxygen vacancy.  
 
Figure 4.3: (a) Real image and schematic graph of the working electrode used in 
EIS measurement. (b) Schematic graph of three electrodes setup.  During 
measurement, current is applied between working and counter electrodes and 
voltage is measured between working and reference electrodes. (c) Calibration of 
the potential of the Ag/AgNO3 reference electrode with respect to Ferrocene 
(1mM in 0.1M TBAP-acetonitrile solution) by CV measurement. 
The crystal quality of the films is examined by XRD and RBS operated in 
random and channeling modes. During the RBS experiment, first we aligned 
the [001] axial location of the target with the incident beam direction, and 
found the random direction by tilting away from any minor axes and planes 
near the [001] major axis. After that, the RBS spectra at both aligned and 
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random cases were collected. SIMNRA [103] simulation package was used to 
fit the random spectra of our films and the thickness information was obtained 
in ”nm” by dividing the atomic mass density of TiO2 from the areal density 
obtained from RBS. The EIS measurements were carried out using these 
well-characterized Ta incorporated TiO2 single crystal films on the LAO 
substrate. As shown in Fig. 4.3(a), the top of film was covered by a 100 nm 
thick aluminum layer deposited by thermal evaporation leaving the central part 
uncovered. A Cu wire was connected to the Al contact pad by silver paint. 
Then the pads were covered by EPOXY for an electric isolation.  
For the EIS measurement, a three electrodes configuration was used, as shown 
in Fig. 4.3(b): the working electrode was the TiO2 sample (Fig. 4.3(a)); the 
counter electrode was a Pt wire and the reference electrode was made of 0.01 
M AgNO3/Ag, 0.1 M Tetrabutylammonium perchlorate (TBAP) dissolved in 
anhydrous acetonitrile (99.9% pure). The potential of the reference electrode 
was calibrated relative to Ferrocene using cyclic voltammetry (CV) 
measurement. The obtained E1/2 of Ferrocene is around 0.12 V with respect to 
Ag/AgNO3 reference electrode and was stable during the experiment, as 
shown in Fig. 4.3(c). The electrolyte used in the present experiment was 0.1 M 
TBAP in anhydrous acetonitrile (99.9% pure). The impedance measurements 
were carried out with a potentiostat equipped with a frequency response 
analyzer (AUTOLAB PGSTAT302N) in the frequency range from 0.1 Hz 
(0.01 Hz for the pure TiO2 sample) to 105 Hz. 
4.4 Experimental results and discussion 
XRD patterns of all the obtained films are similar as Fig. 3.1, which confirms 
the formation of anatase phase only. Besides the signals come from the 
substrate, only anatase (004) and anatase (008) can be seen in the spectrum. 
The TiO2 films for all Ta concentration showed pure anatase phase and after 
annealing in atmosphere they showed good stability over a period of six 
months. In the RBS spectrum (Fig. 4.4), the Ta peak is separated from La and 
Al (from substrate), Ti (from film) and oxygen edges due to their atomic mass 
differences, from which, Ta concentration can be simulated accurately. 
RBS-Channeling spectra of these samples, as depicted in Fig. 4.4, clearly 
shows a low channeling χmin for Ti and La (~2%) which implies that the Ti is 
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epitaxially aligned with the substrate. Almost all Ta ions were uniformly 
substituted (channeling minimum yield 2.5%) in the Ti lattice. The typical 
thickness of the films was found to be about 200 nm. The amount of Ta 
concentration in the films was determined and plotted in the inset of Fig. 4.4 
as a function of nominal Ta concentration in the PLD target. The measured 
RBS film concentration of Ta deviated systematically within 10-20% of the 
nominal target concentration but in our subsequent data we used only the Ta 
concentration measured by RBS. 
 
Figure 4.4: Random and channeling spectra of 6.4% Ta-TiO2 film showing 
excellent channeling yield. Ta concentration measured by RBS versus nominal Ta 
concentration in the PLD target is shown in the inset. 
Fig. 4.5 shows the temperature dependent resistivity of various Ta 
incorporated films. As can be seen, pure TiO2 film shows semiconducting 
behavior (inset), which means that resistivity decreases with increasing 
temperature. The plot is different from Fig. 3.2 in chapter 3 because the 
sample preparation conditions are different. Here post air annealing of the film 
after deposition is proceeded to minimize the effect of oxygen vacancies 
which is crucial for the studies presented in chapter 3. The transport behavior 
of 1.5% Ta incorporated film suggests metallic nature with resistivity 
increasing with temperature. The room temperature minimum resistivity was 
4.7×10-4 Ω·cm, which was obtained with 6.4% Ta-TiO2 film. We can raise a 
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question from this phenomenon. How much concentration of Ta can cause the 
transport behavior of TiO2 films to change from semiconducting to metallic? 
In the next chapter, low concentration Ta doped anatase TiO2 films will be 
studied. 
 
Figure 4.5: Resistivity versus temperature of Ta-TiO2 films as a function of Ta 
concentration.  Inset shows the pure anatase performance. 
Back to the story, the electrochemical impedance spectra (Nyquist plot) of the 
pure anatase TiO2 thin film measured at different potentials is shown in Fig. 
4.6(a), where a big semicircle is seen in the low frequency range. However, 
with the magnified spectra (shown in the inset), a much more complex 
impedance response is seen to develop in the high frequency region. As 
similar situation was observed with Ta incorporated TiO2 when a thin 
aluminum layer was deposited to make the electrical contact. However, when 
the aluminum contact was removed and was replaced by silver paint, only a 
simple semicircle was seen in the high frequency region. Fig. 4.6(b) shows the 
impedance spectra obtained from 1.5% Ta-TiO2 without aluminum contact 
layer (the impedance spectra of 3.5%, 6.4% and 8.9% Ta-TiO2 films are shown 
in appendix 4). As shown in the inset, besides a big semicircle seen in the low 
frequency region, a much smaller semicircle with almost constant diameter at 
different applied potentials can be observed at higher frequency. 
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The EIS data can be fitted using the software Zview with an equivalent circuit 
shown in Fig. 4.6(c). Here, R1 represents the series resistance of the circuit. R2 
and the constant phase element, (CPE1) arise from the contact of Al or Ag 
paint with TiO2 film. The DX1 is a transmission line circuit element (Fig. 
4.6(c)) comprising of three parts: sheet resistance R of the TiO2 film, the space 
charge layer capacitance, CPE and resistance R’ arising from the leakage of 
current (this is due to the limitation of current setup, which is operated in air 
without inert gas circulation). For pure TiO2, the Warburg impedance is 
unambiguously seen in the intermediate frequency range, indicating a 
distinguishable electron transport process through the thin films (R). A 
transmission line model was employed to fit the spectra [104, 105]. Evidently 
the sheet resistance R decreases gradually with the applied forward bias, which 
can be rationalized based upon the evolution of depletion layer with bias. With 
increasing forward bias, the height and width of depletion layer shrinks. As a 
result, charge transport through the film is facilitated. In contrast, as R is much 
smaller than R' in Ta-TiO2 films, the straight line of Warburg impedance is not 
distinguishable in the spectra. However, since the space charge layer 
capacitance was obtained from the low frequency part, the fitting will not be 
compromised by the different electron transport kinetics in the intermediate 
frequency range. So the data can be fitted with the simple parallel R'-CPE 
model. To obtain the true space charge layer capacitance value, the obtained 
CPE capacitance value was then corrected by the following equation [106]: 
                                               (4.5) 
where C is the corrected capacitance, ω''max represents the frequency of 
maximum –Z'' value on the Nyquist plot, T and P come from the definition of 
the impedance of CPE, i.e., ZCPE = T-1/ (ωi) P. Equation (4.5) is derived from 
the correction of parallel connection of a CPE and resistor，and used here 
because the semicircle in the lower frequencies can be simplified as a parallel 
circuit of a resistor and a CPE. In addition, the two semicircles are separated 
clearly from each other, as shown in Fig. 4.6(b), which make the fitting more 








Figure 4.6: (a) Nyquist plots of pure TiO2 with Al contact layer. The frequency 
range here is from 0.01 Hz to 30 kHz. The inset graph is in the expanded scale of 
the high frequency data. (b) Nyquist plots of 1.5% Ta incorporated TiO2 without 
Al buffer contact layer. The frequency range shown here is from 0.01 Hz to 30 
kHz. The inset graph is the expanded scale of the high frequency data. (c) 
Equivalent circuit of the samples in current EIS measurement. 
The obtained capacitance value from equation (4.5) can be substituted into 
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Mott-Schottky equations (4.3 and 4.4) according to different charge carrier 
densities. From the plot, the flat band potentials of the samples relative to 
Ag/AgNO3 reference electrode can be obtained, as shown in Fig. 4.7, where it 
is assumed that the space charge layer capacitance is much smaller than 
Helmholtz layer capacitance and is dominant at low bias voltage [107]. It is 
clear that the pure anatase TiO2 possesses the least negative flat band potential 
of ~ -1.08 V (vs. Ag/AgNO3). As the Ta concentration increases, the flat band 
potential of the sample becomes more negative.  
 
Figure 4.7: Mott-Schottky plot of the samples. Right y-axis is for pure TiO2, left 
y-axis is for Ta-TiO2 samples. X-axis is the applied potential to the samples 
relative to the reference electrode. The straight lines were guided by eyes. The 
inset is the flat band potential of the samples obtained from the Mott-Schottky 
equations by considering the applied potential plot. 
The free charge carrier concentration was determined from the slope of the 
Mott-Schottky plots in Fig. 4.7. With increasing Ta concentration in TiO2, free 
charge carrier density increases, and as a result the sheet resistance of the Ta 
incorporated thin films drops gradually. These data are plotted in Fig. 4.8(a) 
along with those obtained from the Hall effect and direct resistivity 
measurements. From both the impedance and Hall effect measurements, the 
free charge carrier density was found to increase with Ta concentration. 
However, the free charge carrier density determined by Hall effect 
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measurement becomes larger than that obtained from impedance measurement 
at higher Ta concentration. The discrepancy between these two measurements 
is most likely from the change of the static dielectric constant when pure 
anatase TiO2 films are incorporated with Ta. Since in the impedance 
measurement we assumed εr of 31 for all the films by reconciling the two 
carrier density data we may be able to estimate the εr as a function of Ta 
concentration [108, 109]. 
As the free charge carrier density can be independently obtained from Hall 
effect measurement, by substituting it into Mott-Schottky equation the static 
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                                             (4.6) 
where dM-S is the slope of the linear part of Mott-Schottky plot and  is 






Figure 4.8: (a) Hall effect measurement of the charge carrier density (black) and 
mobility (blue) of the samples together with the carrier density of the samples 
estimated from Mott-Schottky plot (red). (b) Dielectric constant as function of 
measured Ta concentration calculated by reconciling Hall effect and 
Mott-Schottky measurements of carrier densities. (c) Comparison of Sheet 
resistance of the films as function of measured Ta concentration obtained from 
direct resistivity measurement and from Mott-Schottky plot. 

















































































As revealed in Fig. 4. 8(b), the dielectric constants of the pure and Ta 
incorporated samples were calculated with equation (4.6). The static dielectric 
constant of the pure anatase TiO2 was calculated to be ~32, very close to the 
reported value of 31, which validates the above approach. As Ta atoms were 
incorporated into the film, the dielectric constant of the sample decreased 
gradually. In the present experiment, as the space charge layer capacitance was 
obtained from the low frequency region of impedance spectra, we assume the 
derived dielectric constant to be approximately the static dielectric constant. In 
general, the static dielectric constant of insulating material is determined by 
measuring the capacitance of the insulating materials sandwiched between two 
metal plates. However, when the material becomes relatively conducting, it 
becomes difficult to get reliable measurement using low frequency alternating 
current. Hence the above method of combining Hall effect and Mott-Schottky 
measurements provides a feasible way of determining the static dielectric 
constant of metallic material. 
The carrier mobility of the samples obtained from Hall measurement can be 
seen in Fig. 4.8(a), which initially increases with Ta concentration and then 
drops after it gets to a maximum at about 4-5%. Fig. 4.8(c) shows the sheet 
resistance obtained from Hall effect measurement showing good consistence 
with impedance measurement. At room temperature it decreases with 
increasing Ta concentration and saturates at high Ta concentration. The energy 
difference between the CB edge and the Fermi level of pure anatase can be 




















TkmN Bcc  is the effective density of states for the CB. 
Assuming the effective electron mass mc* in anatase TiO2 is 1 m0 (m0 is free 
electron mass) [90]; the Fermi level at room temperature was estimated to be 
about 62 meV below the CB edge. To address the movement of the Fermi 
level and the changes of the rigid bandgap due to Ta incorporation in TiO2 
films, the shift of the flat band potential and optical bandgap need to be 
considered concurrently. If we assume that the VB edge is not moving with Ta 
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incorporation and that only Fermi level and CB edge are shifting, the observed 
results become difficult to explain. As can be seen in Fig. 4.9, at 1.5% Ta level, 
the optical bandgap only blue shifts ~20 meV. However, the Fermi level has 
shifted ~140 meV. At this level, the sample is already degenerate, which 
means the excited electron by photons can no longer occupy the lowest state 
of the CB. Hence the optical bandgap blue shift value should be much larger 
than 20 meV, which disagrees with the experimental result. So the VB must 
shift to higher energies to reconcile the difference between the measured 
movement of the Fermi level and the observed blue shift of the optical 
bandgap. Based on this assumption, the Ta incorporated TiO2 reaches 
degeneracy at about 0.8% Ta substitution (at the degeneracy point, the Fermi 
level and CB edge just overlap). 
 
Figure 4.9: Experimentally obtained Fermi level (red) and optical bandgap blue 
shift of the Ta incorporated TiO2 samples where pure TiO2 was selected as the 
reference point (blue), and simulated Fermi level shift with measured Ta doping 
concentration (black), the shift value of the first point (3.125%) is set as zero for 
easy comparison. 
4.5 Theoretical calculation results 
In order to verify whether the above discussion of the shift of Fermi level with 
Ta concentrations is valid, plane-wave pseudopotential DFT calculations for 
Ta incorporated anatase TiO2 was performed. The calculation with the Vienna 
ab initio Simulation Package (VASP) code used generalized gradient 
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approximation with Perdew-Burke-Ernzerhof exchange-correlation functional 
[110-112]. The oxygen 2s22p4, titanium 3d24s2 and tantalum 5d36s2 are treated 
as valence electrons. We used the projector augmented-wave (PAW) potential 
[113], which is generally more accurate than the ultrasoft pseudopotential, and 
the plane-wave cut-off is set as 500 eV based on convergence test. The Ta 
concentration is simulated from 3.125% to 12.5% by using TiO2 supercell 
from 2 × 1 × 1 to 2 × 2 × 2. All the atom positions are allowed to relax until 
the force acting on each is less than 0.02 eV/Å. Our simulated crystal structure 
of anatase TiO2 (a = 3.80 Å, c = 9.72 Å) matched well with experimental data 
(a = 3.78 Å, c = 9.50 Å) [47], which also proved the credibility of our 
simulation. The band structure and DOS of pure anatase TiO2 is plotted in Fig. 
4.10, which shows bandgap of 2.2 eV. Although it is smaller than the 
experimental value, we believe that it still can give correct tendency after Ta 
doping. The VB edge of TiO2 mainly consists of O 2p orbital, while the CB 
edge has predominantly Ti d orbital. The d valence electrons of Ti are mainly 
transferred to O 2p orbital due to the electronegativity difference between Ti 
and O. After incorporating one Ta into Ti site among 2 × 1 × 1 supercell, no 
intermediate states appear up among TiO2 bandgap, while Fermi level is 
shifting up to the CB, as shown in Fig. 4.11(a). From the partial DOS it is 
shown that states near Fermi level are mainly contributed by Ta and Ti d 
orbitals (Fig. 4.11(b)). As Ta possesses one extra d electron, Ta substituting Ti 
will introduce more electrons into the crystal framework. In addition, as Ta is a 
shallow dopant, its d states is not showing up in the bandgap but mixed with 
Ti d states. From the projected DOS of Ta d orbitals, it can be seen that the 




Figure 4.10: (a) band structure of pure anatase TiO2 (b) Total and partial DOS for 
pure anatase TiO2. 
The calculated dependency of the Fermi level on Ta incorporating 
concentrations is plotted in Fig. 4.9. It is clear that more Ta d electrons will 





Figure 4.11: (a) Band structure of 12.5% Ta doped TiO2 (b) Total and partial DOS 




Continuous shift of the flat band potential of Ta incorporated anatase TiO2 with 
increasing Ta concentration was observed from the Mott-Schottky plots. The 
DFT calculation confirmed the continuous shift of the Fermi level. The 
obtained free charge carrier density and room-temperature sheet resistance are 
consistent with those obtained from the Hall effect and direct resistivity 
measurements. The free charge carrier density increases with Ta concentration 
and the sheet resistance decreases with Ta saturating at higher concentration. 
By reconciling the carrier density measurements from Hall and Mott-Schottky 
plot, we were able to estimate the static dielectric constant of metallic Ta 
incorporated TiO2, a measurement which is difficult to accomplish via 
capacitive measurements. By considering the blue shift of the optical bandgap 
together with the movement of the Fermi level, significant movement of the 
VB was recognized and the formation of the degenerate state at CB was 
estimated to occur at a Ta concentration of 0.8%.  
 55 
 
Chapter 5 Insulator to metal transition of anatase TiO2 thin film upon low 
concentration of Ta doping 
In chapter 4 we have shown that Ta incorporated anatase TiO2 film has 
metallic transport behavior while pure anatase TiO2 has semiconductor 
transport behavior. Also we have estimated the transition occurred at Ta 
concentration of 0.8%. In this chapter we will study this transition by 
preparing anatase TiO2 films with low Ta concentration.  
5.1 Insulator to metal transition 
The differences in metal and semiconductor band structures were introduced 
in Chapter 1. Their transport behaviors are quite different. In general, the 
resistance of a metallic (semiconducting) system monotonically decreases with 
reducing (increasing) temperature. The transport property of a material is 
affected by various parameters such as temperature, pressure, doping, etc., 
which may be used to cause phase transitions of the material between “metal” 
and “insulator” [114]. In some cases (e.g. VO2), structure change of a material 
by ambient environment (temperature, pressure, etc.) causes drastic changes in 
its transport behavior [115]. However, here we concentrate on two 
mechanisms which can induce a resistance minimum within a measurement 
temperature range without any structure changes of the material. One is Kondo 
effect, which is a consequence of the interactions between a local spin and the 
spins of the conduction electrons [116]. The other mechanism is weak 
localization, which is due to the constructive self-interference of the electron’s 
wave function, leading to an enhanced probability for electrons to return to 
their initial points at low temperatures [117]. The weak localization is 
compared with the strong localization (described in Chapter 3) which is 
induced by the random potential. It is shown that at low concentration of Ta 
the random potential in anatase TiO2 is overcome, which makes weak 
localization as the dominant transport mechanism in this study. 
5.2 Kondo effect 
In regular metals such as silver, copper, zinc, etc. the resistivity is given by an 
expression of the form 
 ߩሺܶሻ ൌ ߩ଴ ൅ ܣܶହ                                            (5.1) 
Here the T5 behavior comes from the electron phonon scattering, while the 
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impurities in the metal give rise to the constant term ρ0. When a small amount 
of magnetic impurities (iron, manganese, chromium, molybdenum, etc) are 
present in these metals, the resistivity exhibits a minimum, normally at quite 
low temperature. The temperature Tmin at which this occurs varies with the 
impurity concentration c roughly as c1/5. The depth of the resistivity minimum, 
ρ (0) – ρ (Tmin), is proportional to c. Since ρ (0) itself is proportional to c, the 
relative depth of the minimum is roughly independent of c [118]. This 
phenomenon was satisfactorily explained by Kondo utilizing an 
antiferromagnetic interaction between the localized spin of the impurity and 
the spin of the free electrons. The interaction implies the resistivity minimum 
and below Tmin the resistivity increases logarithmically with decreasing 
temperature. As illustrated by Anderson model in Fig. 5.1(a), let us consider an 
up spin electron with energy ε0 at the localized impurity state surrounded by 
the Fermi Sea. The energy needed for the electron to be transited to upper 
empty energy state is between about 1 and 10 electron volts, which is large for 
magnetic impurities. In classical physics, this process is impossible unless 
some energy is put into the system. However, in quantum mechanics, such 
process may happen within a small timescale h/|ε0| (determined by Heisenberg 
uncertainty principle) as long as another electron tunnels from the Fermi Sea 
back into the impurity. Such replacement of the electrons may cause the 
reversal of their spins, which changes the energy spectrum of the system 
qualitatively (Fig. 5.1(b)). The Kondo resonance state is generated at the 
Fermi level when many such processes act together. Such a resonance is very 
effective at scattering electrons with energies close to the Fermi level, which 




Figure 5.1: (a) In Anderson model, it is assumed that only one magnetic impurity 
is surrounded by a Fermi sea, and within the magnetic impurity, there is only 
one energy state with energy ε0 been occupied by one spin up electron (blue) 
below the Fermi energy of the metal (orange). Coulomb energy U indicates the 
energy needed to add another electron to the state and |εo| is the minimum 
energy to move the electron from the impurity’s state to the Fermi sea. In 
quantum mechanics, the electron in the impurity’s state may tunnel out and stay 
in a virtual state temporally until the state is occupied by an electron from the 
Fermi sea. Such process may change the spin of the electron in the impurity’s 
state. (b) Density of states of the combination of many such events described in (a) 
and the resonance states at the Fermi energy (causing Kondo scattering) with 
different probabilities can be obtained at different temperatures, (Γ is the width 
of the impurity’s state) showing a decrease in Kondo scattering with increasing 
temperature [119]. 
Kondo’s theory predicts an infinite resistance when the temperature 
approaches 0 K. However, experimental data show the Fermi liquid behavior 
(ρ0 – aT2, where a is a constant) [120, 121]. It is accepted that there exists a 
temperature (called Kondo temperature TK) only above which Kondo’s theory 
can be applied. Below TK, the local spins form bound collective states (Kondo 
singlet) with the free electrons. In order to flip the local spin, this binding must 
be broken by the thermal energy of excited free electrons. As the temperature 
is reduced, this becomes more and more unlikely.  
Magnetic field can suppress the spin inversion (dissociate Kondo singlet) and 
therefore implies negative MR. As the localized spins are random and 
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be isotropic in ideal Kondo systems. The negative MR is logarithmically 
dependent on the magnetic field in the intermediate region, out of this region, 
i.e. as the field is approaching 0 Tesla or larger than a value defined as Kondo 
crossover field BK, it saturates [122]. 
5.3 Weak localization  
In disordered electronic system, the electron moves in a diffusive motion. The 
probability of transporting an electron between two points in space gives the 
resistivity of the system. When these two points overlap, it represents the 
probability for the electron to return to the initial location with arbitrary 
trajectory. As shown in Fig. 5.2, electron may return to the initial point 
through various ways. Trajectories C and D are identical but with different 
directions (they are phase coherent). In classical physics, the total probability 
for the electron to return is just the summation of probabilities of all the paths. 
However, in quantum mechanics, paths C and D may interfere constructively 
with each other as their wave functions satisfy the time reversal symmetry. 
The result of the quantum interference is the increasing probability of 
returning to the starting point for the electron rather than moving forward, 
which increases the resistance of the system. The precondition of such process 
is that the electrons have to be phase coherent within a large distance, which is 
defined as the phase breaking length. This requires the temperature to be low 
enough in order for the effect to be observable [118]. Theoretically, weak 
localization may exist in all real dimensions [123]. However experimentally, it 
is more likely to be observed in two dimensional systems because it is easier 
for electrons to form self-crossing trajectory in such systems. [124]. In 
contrast to Kondo effect, although the resistance shows logarithmic 
temperature dependence in weak localization, it diverges when the 





Figure 5.2: Trajectories of an electron returning to the initial points. C and D 
indicate the same trajectory but different directions. Only trajectory C and D can 
interference as they are phase coherent. 
The magnetic field B has effects on an electron through two mechanisms, 
which are classical Lorentz force and quantum mechanical Aharonov–Bohm 
effect. The former can curve the electron’s trajectory and it will be suppressed 
when the mean free time τ of elastic scattering is short. The latter will add an 
extra phase factor to the electron’s wave function hence affect the probability 
of electron’s transportation. As a quantum effect, the latter is not limited by 
any elastic processes. [126]. Weak localization is a quantum process and it is 
strongly dependent on the phase relation between time-reversed paths. 
Whenever the phase coherence is broken, the localization is in general 
suppressed, which leads to enhancement of the conductivity. The 
time-reversed paths may exist in any orientation in three dimensional cases; as 
a result the MR of weak localization is independent of the relative directions 
of the current and the magnetic field. In contrast, the time-reversed paths are 
confined in two dimensional systems, therefore, only the perpendicular 
component of the field has effect on the conductance. Hence in 2D systems, 
the response of the resistance to the magnetic field is highly anisotropic. In 
addition, the MR is temperature dependent because it is related to the phase 









5.4 Experimental results 
Single crystal Ti1-xTaxO2 (x = 0.001, 0.002, 0.003, and 0.004, which are the 
nominal compositions of Ta in the targets) films were prepared by PLD on 
single crystal (001) LAO substrates. The method of making the target and the 
deposition conditions were the same as those presented in chapter 4. The 
thicknesses of the films are close to 100 nm, which usually takes half an hour 
of deposition. XRD data show the pure anatase phase, which is same as 
presented in Fig. 3.1. The transport property was measured by PPMS and is 
shown in Fig. 5.3. It can be seen that 0.1% of Ta dopant has reduced the 
absolute value of TiO2 resistivity by more than one order (comparing Fig. 3.2 
with Fig. 5.3(a)) at room temperature. As the temperature reduces, the 
resistivity keeps decreasing until near around 130 K when it starts to increase.  
The inset shows the plot with temperature axes in logarithmic scale, where a 
linear fit below the transition temperature is clearly visible. This transport 
behavior follows weak localization predictions in two dimensional systems. 
By increasing the Ta concentration, the samples become more conductive and 
the resistivity at low temperatures deviates from logarithmic fitting. The 
saturating resistivity at low temperatures in the logarithmic plot of above 0.2% 
Ta doped films shows the Kondo – like behavior although more evidences 
(isotropy/anisotropy of the MR) are needed. From Fig. 5.3(a) – (d), the 
resistivity minimum shifts towards lower temperatures with Ta concentration, 





Figure 5.3: Temperature dependent resistivity measurement of TiO2 samples with 
Ta concentrations (a) 0.1% (b) 0.2% (c) 0.3% (d) 0.4% and (e) Plot of Tmin with Ta 
concentration. 
The MR of 0.1% Ta doped TiO2 film measured at different temperatures and 
configurations are shown in Fig. 5.4. Between 5 K and 70 K, the MR is 
negative. In contrast, at 2 K, it is positive. The MR is anisotropic as the values 
measured at different configurations deviate a lot. This phenomenon is quite 
similar as the MR measurement of pure anatase TiO2 thin film been discussed 
in chapter 3. There we attribute the positive MR to variable range hopping 





















































































































































































(induced by strong localization) and negative MR to quantum interference 
(reason of weak localization), which also can be applied here. Obviously, Ta 
doping has lowered the transition temperature of positive to negative MR 
(comparing with Fig. 3.5(a)), which may indicate the enhanced crystallinity of 
the samples (reduced random potentials) upon Ta doping. One Ta atom 
contributes an extra electron when it successfully substitutes a Ti atom in TiO2 
lattice. The statistical result of this substitution is the shift of the Fermi level 
towards conduction band, which increases the formation energy of oxygen 
vacancies (donor defects) [92]. Hence the suppressed formation of oxygen 
vacancies by Ta doping will improve the crystallinity of the TiO2 film and 
reduce the random potentials. The involving of variable rang hopping 
mechanism may explain the relatively large change of the resistance at low 
temperatures as more and more electrons are strongly localized.  
 
Figure 5.4: (a) the measurement configuration. During experiment, sample is 
rotated as shown. (b) MR of 0.1% Ta doped TiO2 thin film measured at 2 K and 5 
K. Angles are measured between the magnetic field and central axis, as shown in 
(a). (c) MR of the same sample in (b) measured at 10 K, 20 K and 30 K. (d) MR of 
the same sample measured at 50 K and 70 K. 



































































































low temperature (5K for 0.1% of Ta doping) disappears, as shown in Fig. 
5.5(a). Only negative MR can be observed (except at 300 K, where MR is 
positive due to Lorentz circulation of electrons in magnetic field), which may 
indicate the vanishing of the strong localization. Similar phenomenon has been 
observed for 0.3% and 0.4% Ta doping cases, as shown in Fig. 5.5(c) and (d). 
This is consistent with the argument about the improving crystallinity of TiO2 
by Ta doping. The MR of the Ta doped TiO2 films shows anisotropic behavior 
and its absolute value (|MR|) measured at any temperature below 100 K keeps 
decreasing with Ta concentrations (≥ 0.2%). When the magnetic field is in the 
same plane of the measuring current (θ = 90°), the MR is still finite (Fig. 
5.5(b)). When the magnetic field is normal to the plane of the measuring 
current (θ = 0°), the MR is more negative. This may indicate the quasi two 
dimensional natures of the thin films because in two dimensional structures 
the MR induced by weak localizations depends on the perpendicular 
component of the field only and in three dimensional cases it does not depend 
on the field direction. The anisotropic and non-vanishing MR could also be 
explained by super-positions of a constant and sinusoidal MRs which are due 
to Kondo effect and weak localization in two dimensions respectively [127]. 
As we do not have further techniques to separate these two possibilities 
(Kondo versus 3D weak localization) the mechanism that causes resistivity 




Figure 5.5: (a) MR of 0.2% Ta doped TiO2 measured at different temperatures. (b) 
MR of the same sample in (a) measured at different configurations; angles are 
described in Fig. 5.4 (d). (c) MR of 0.3% Ta doped TiO2 measured at different 
temperatures. (d) MR of 0.4% Ta doped TiO2 measured at different 
temperatures. 
The charge carrier density (n-type) and mobility of 0.1%, 0.2%, 0.3% and 0.4% 
Ta doped samples were measured and shown in Fig. 5.6. The electron density 
increases with Ta concentration and in all cases slightly decreases with 
increasing temperature (mechanism is not clear). The Ta concentration 
dependent electron density measured at room temperature was plotted in Fig. 
5.6(e), where a linear relationship was observable for the electron density of 
the films as a function of Ta concentration (above 0.2%). Assuming all the 
electrons were contributed by Ta dopants, the effective Ta percentage 
(successfully replacing Ti atom in TiO2 lattice and the electron can be ionized 
at room temperature) could be calculated, as shown in Fig. 5.6(e). Within 0.1% 
Ta doped TiO2 film, only 33.9% dopants were effective. However, this value 
was increased to 84.7%, 90.5% and 95.3% for 0.2%，0.3% and 0.4% Ta doped 
films respectively. The losses of the electron density may be due to 
localizations, in which case, fewer electrons were localized by increasing Ta 
concentration, which also indicates the improved crystallinity of TiO2 films by 
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Ta doping. The mobility does not change with temperature continuously. As 
the temperature decreases mobility starts to increase because of the decreased 
electron-phonon and electron-electron scatterings till a transition point is 
reached. After that, mobility starts to decrease because localizations become 
effective. Below the transition temperature, mobility seems to saturate with 
increasing Ta concentration to 0.4%. This is consistent with the argument that 
the crystallinity of the sample is enhanced by Ta doping as the localization at 
low temperatures is suppressed with increasing Ta concentration. The 
maximum mobility of each sample keeps increasing with Ta concentration, as 
shown in Fig. 5.6 (f), which is nonlinear. Generally, it is difficult to determine 
when the sample becomes totally metallic because the resistivity follows 
semiconductor like behavior at low temperatures. However, if we use the 
mobility of the samples as a criteria for metallicity, its bell shaped behavior 
with temperatures becomes broader with increasing Ta concentration, until 
reaching 0.4% Ta concentration, where the low temperature drop of mobility 
disappears, indicating a transition point from semiconductor (below 0.4% Ta 
concentration) to metallic behavior (0.4% Ta concentration). This is within a 
factor of two (Ta concentration of 0.8%) predicted from impedance 





Figure 5.6: Hall measurements of (a) 0.1% (b) 0.2% (c) 0.3% (d) 0.4% Ta -TiO2 
thin films. (e) Ta concentration dependent carrier density measured at room 
temperature (left axis) and effective Ta percentage (right axis). The straight lines 
are guided by eyes. (f) Ta concentration dependent maximum mobility of the 
films in (a) (b) (c) and (d). 
5.5 Summary 
Transport properties of nominal 0.1%, 0.2%, 0.3% and 0.4% Ta doped anatase 
TiO2 thin films have been studied. Comparing with the transport mechanism of 
the pure TiO2 sample presented in chapter 3, a transition of strong to weak 
localizations upon Ta doping at low temperatures was observed and discussed. 
Ta ions improve the crystallinity of the sample as they suppress the formation 
of oxygen vacancies, which then reduce the localization effects. MR and Hall 
measurements of the samples have been done, which are consistent with above 


































































































































































































































conclusion. The anisotropy of the MR suggests a combination of 2D weak 
localization and Kondo effect at low temperatures. The data is not adequate to 
rule out 3D weak localization effects. We found that 0.4% Ta doping is a 
critical concentration where the anatase TiO2 films undergo a transition into 
metallic behavior by analyzing their charge carrier and mobility behaviors in 




Chapter 6 Nickel impurity mediated reversible ferromagnetism of rutile 
TiO2 substrate upon annealing 
Deposition of the film in high vacuum gives metallic and ferromagnetic 
sample. However, later it is found that treating the substrate in similar 
annealing condition can provide the same character as well. By further 
systematic study, Ni impurity was found in the vacuum annealed substrate 
which is responsible for the observed signals. The experimental details will be 
elaborated step by step in this chapter, but first, let me introduce some basic 
knowledge of magnetisms.  
6.1 Introduction to oxide based Dilute Magnetic Semiconductors 
6.1.1 Types of magnetism 
An electron has both charge and spin freedoms, while only the latter can 
contribute to the magnetism. According to the response of the electrons (spins) 
under magnetic field, magnetism can be recognized as diamagnetism, 
paramagnetism, ferromagnetism, anti-ferromagnetism, ferrimagnetism, and 
superparamagnetism. 
An orbiting electron is equivalent to a current loop with a magnetic dipole 
moment. Hence in the materials with fulfilled atomic shells, “Lenz law” 
(application of an external magnetic field causes induced current in a material 
which opposes the change in external magnetic field) becomes significant, 
which then imply the diamagnetism (repel the magnetic field). In most 
materials it is a weak effect except in superconductors, a strong quantum effect 




Figure 6.1: (a) Principle of diamagnetism: the internal field repels the applied 
magnetic field. (b) Principle of paramagnetism. Without external magnetic field, 
the net magnetization is zero. By applying field, linear relation of magnetic 
moment and applied field can be seen. (c) Plot of susceptibility of paramagnetic 
(positive χ) and diamagnetic (negative χ) materials with temperature. (d) 
Principle of ferromagnetism. Without magnetic field, net positive magnetization 
exists. (e) Principle of anti-ferromagnetism, where its lattice equals two 
sub-lattices with equal amplitude but opposite direction of spin configurations. (f) 
Principle of ferrimagnetism, where the sub-lattices have different amplitude of 
spins. (g) Formation of magnetic domains can minimize the magnetostatic energy. 
(h) Different behaviors of M-H relationship of paramagnetism (green), 
ferromagnetism (blue) and superparamagnetism (red). 
Paramagnetic materials are attracted when in the present of magnetic field. 
After removing the field, materials recover to the initial state. Paramagnetism 
can be found in the materials with some unpaired electrons, where the 
electrons have non-coupling spins. It is still a weak effect (although stronger 
than diamagnetism) because only a small fraction of the spins will be oriented 
by the field. The magnetic moment has linear relations with the applied 
magnetic field at a particular temperature. 
When the unpaired spins in the outer shell exchange coupling with each other, 
the material may show ferromagnetism (positive exchange coupling) or 
anti-ferromagnetism (negative exchange coupling). For the former, spins will 
be aligned under presenting magnetic field. Hence large magnetic moment is 

























energy (e.g. thermal fluctuation) after removing the field. The remaining 
aligned spins will be destroyed by applying opposite magnetic field and large 
magnetic moment in opposite direction will be induced by further increasing 
the field. As a result, normally a hysteresis loop of the magnetic moment will 
be obtained by cycling the magnetic field in the measurement of the 
ferromagnetic materials. For the latter, due to negative exchange coupling, 
spins will be aligned in a pattern with neighbors pointing in opposite 
directions. As the magnetic moments have the same amplitude, in the absent of 
external magnetic field, the anti-ferromagnetic structure corresponds to a 
vanishing total magnetization. In the present of magnetic field, due to different 
responses of the sublattices, there may remain some net magnetization. For 
ferromagnetism and anti-ferromagnetism, the temperatures above which the 
properties are totally destroyed (spins become totally random) are called Curie 
temperature and Neel temperature respectively. Anti-ferromagnetism plays a 
crucial role in giant magnetoresistance (GMR) based spin valve sensors [128, 
129]. 
Similar to but different from anti-ferromagnetism, sublattices with unequal 
opposing spins can be constructed in ferrimagnetic materials, where then a net 
magnetization remains. The temperature effect of ferrimagnetism is 
comparable to that of ferromagnetism as it holds a spontaneous magnetization 
below the Curie temperature, although, sometimes magnetization 
compensation point (where two sublattices have equal opposite moments) may 
be found at a particular temperature. 
Below Curie temperature, magnetic moments throughout the volume of a 
ferromagnet are expected to align parallel. However, it does not happen in 
reality. Instead several regions called “domains” are created within which all 
the moments point in the same direction but the moments of the adjacent 
domains can point in other directions. As a result, the net magnetization is zero. 
The formation of domains is to minimize the magnetostatic energy (the energy 
which a single domain magnet sustains subject to its own demagnetizing field). 
The boundary which separates two neighboring domains is called domain wall, 
which is related to exchange energy and anisotropy energy.  
The size of the particle separates ferromagnetism from superparamagnetism. 
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When the radius of the particle is larger than a single domain size (40~100nm), 
a multi-domain ferromagnet is formed. In contrast, when the particle becomes 
smaller than a single domain size, superparamagnet is formed. There are large 
numbers of moments pointing in the same direction within a 
superparamagnetic particle. However, in the absent of external magnetic field, 
the time used to measure the magnetization of the particles is much longer 
than the time between two spin flips under the influence of temperature. 
Hence the magnetization as a whole will fluctuate like a paramagnet. However, 
their susceptibility (the ability to be changed by magnetic field) is much larger 
than the one of paramagnets. When the spins are all aligned by the external 
field, the magnetization of a superparamagnet becomes saturate, which is 
similar but slower than that of a ferromagnet.  
Fig. 6.1 shows the general characters of types of magnetic properties. 
6.1.2 Dilute Magnetic Semiconductors 
In traditional electronics, charges are the only media of signal. Hence to 
introduce the spin freedom into electronic devices becomes attractive in 
spintronic applications. One main strategy to achieve that is to introduce the 
polarized spins into conventional semiconductors with the host material’s 
application worth properties maintained [130, 131]. To the end, dilute 
magnetic semiconductors (DMS) have been a major focus of magnetic 
semiconductor research. The practical DMS should be nonmagnetic 
semiconductors with magnetic dopants uniformly distributed throughout the 
host matrix which then as a whole become spin polarized above room 
temperature. Oxides, especially transitional metal oxides have been one of the 
most versatile material systems because of their special structural forms, 
bonding characteristics and the defect states [132]. Predominantly three 
popular models are used to explain the origin of ferromagnetism in DMS 
systems, which are 1) direct coupling of spins; 2) exchange coupling of spins 
through conducting charges; 3) bond magnetic polarons.  
When the ferromagnetic dopants in semiconductors are close enough to have 
overlap of their wave functions, direct exchange coupling of the spins will 
occur. This kind of coupling is entirely the dopants’ property; hence it is less 
interesting in the application point of view.  
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The coupling of the spins is strongly distance dependent. When the distance is 
large enough that direct spin coupling is unlikely to happen, free charge 
carriers may behave as the media [133]. This kind of indirect exchange 
interaction model, named as Ruderman-Kittel-Kasuya-Yosida (RKKY) model, 
was proposed to explain the unconventional ferromagnetism in DMS [134, 
135]. It is believed that the conduction charge carriers may be temporarily 
polarized by a localized magnetic moment when they are around it. The 
polarized charge carriers can interact with other localized magnetic moments 
during their movements. Hence the localized magnetic moments interact 
indirectly with each other mediated by the free charge carriers. 
In some systems, the charge carriers induced by the dopants or by the deficient 
of anions (oxygen vacancies) are localized. In case a local magnetic moment 
falls in the region enclosed by the localized carriers, it may polarize them, 
hence forming a bound polaron with a large net magnetic moment [136, 137]. 
With increasing density, the overlap of the polarons may build up a short range 
or even long range magnetic ordering. This model is widely applied in oxide 
DMS systems with large dielectric constant as it could explain the high 
temperature ferromagnetism [35]. 
6.2 Background of the experiment 
Among various oxides based DMS, TiO2 is one of the most explored host 
material and many types of dopants have been introduced into this host. 
Cobalt doped TiO2 generated great interest for its above room temperature 
ferromagnetism, where in some cases it was discussed as magnetism 
originating from Cobalt clusters [31, 32]. In contrast, nonmagnetic atom doped 
TiO2 also can show ferromagnetism, where cationic vacancies or Ti3+ induced 
by oxygen vacancies were discussed as the reason [33, 34]. As all of these 
experiments used oxide crystals as the substrate, it is crucial to first confirm 
that the substrate is magnetically inert. Yee et al. observed that ferromagnetism 
arose only from commercial single side polished substrates of Al2O3, LaAlO3, 
SrTiO3, TiO2, and ZnO, where they claimed that Fe ions from the unpolished 
side gave ferromagnetism [38]. They showed reversibility of this 
ferromagnetism by implementing vacuum and subsequent atmospheric 
annealing. However, the detailed physical explanations for those observations 
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were lacking.  
6.3 Experimental details 
In the present study, double sides polished single crystal rutile TiO2 (001) 
substrates (5 × 5 × 0.5 mm3) were obtained from three different vendors 
(CrysTec GmbH Kristalltechnologie, Germany; MTI Corporation, USA; 
Shinkosha Co., Ltd, Japan). After been annealed in high vacuum environment 
at 5 × 10-6 Torr, 800oC, the transparent pristine sample becomes dark, which 
has been attributed to oxygen vacancies and some other defects [36], as shown 
in Fig. 6.2(a) and turns into a pale yellow color by subsequent air annealing in 
a furnace. (The transmission of the film treated under different conditions is 
shown in appendix 7) This process is highly repeatable. Silver paint got 
involved in the annealing in vacuum for better indication of the annealing 
temperature on the substrate. Before measuring the magnetic properties, silver 
paint was removed as much as possible.  
The magnetic properties of the samples were measured by a SQUID 
magnetometer in the temperature range of 10-300 K. The applied measuring 
field during magnetic moment to temperature (MT) and magnetic moment to 
magnetic field (MH) processes was kept at 100 Oe. In-plane magnetic 
measurement was performed when the magnetic field was parallel to the 
sample surface while the out-of-plane measurement indicates the 
perpendicular of the magnetic field and the sample surface. The low 
temperature MH measurement was always performed after zero fields cooling 
(ZFC). In ZFC process, temperature was reduced without applying any field.  
The transport properties were measured in four probes Van de Pauw 
configuration, where the passing direct current is kept the same during whole 
scanning temperatures. The charge carrier density and mobility were obtained 
from Hall effect measurement, in which, scanning field ranges of 18 Tesla (T) 
and straight line in the Hall resistance plot can be promised.  
The existence of Ni in vacuum annealed TiO2 crystal was observed by SIMS 
and RBS. The diffusion mechanism was mainly studied by RBS. In SIMS 
measurement, Ar+ was used to etch the sample with beam size 100 × 100 μm2, 
simultaneously, Cs+ was used as the primary bombarding ions and the ejected 
secondary particles were collected and analyzed. The etching depth of the hole 
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is roughly 0.5 μm, which was measured by step profiler. All the interesting 
data can be found in this depth range. In RBS measurements, 2 MeV He+ ions 
was used as the emission beam and a resolution of 15 KeV silicon surface 
barrier detector was placed at 160o scattering angle geometry. The sample was 
mounted by using 4-axis goniometer.  
The Ni valance states in TiO2 were measured by XAS, where Ni L-edge was 
obtained in total electron yield acquisition mode by recording sample current 
as a function of photon energy of incident x-rays. The experiment was carried 
on in ultrahigh vacuum (UHV) chamber with a base pressure of 1×10-10 mbar. 
To eliminate the fluctuation in the incident x-ray intensity, all the spectra were 










Figure 6.2: (a) Magnetic moment versus field (MH) measurement of TiO2 
substrate at room temperature. The annealing temperature is 800°C and the 
annealing time is 2 hours. The vacuum level is kept at 5×10-6 Torr. Inset shows the 
photo of pristine, vacuum annealed and subsequently air annealed samples. (b) 
Room temperature MH measurements of TiO2 substrates vacuum annealed with 
800°C for different times. Here paramagnetic part of the signal was deducted. (c) 
Room temperature MH measurements of TiO2 substrates vacuum annealed for 2 
hours with different temperatures. Only the ferromagnetism component is shown. 
(d) MH measurement at 10 K and room temperature of samples oriented in-plane 
and out-of-plane with magnetic field. Black and red colors indicate the 
out-of-plane plot at room temperature and 10 K. Blue and fuchsia colors indicate 
the in-plane plot at room temperature and 10 K respectively. Inset at the left 
corner shows the schematic graph of in-plane and out-of-plane configuration. 
Inset at the right corner shows the changes of saturation magnetization (magnetic 
moment at 4000 Oe in the main graph) and coercivity with temperature in the 
in-plane measurement. 
6.4 Results and discussions 
As received TiO2 substrate shows paramagnetic property, as shown in Fig. 
6.2(a). After vacuum annealing for 2 hours (heating and cooling rates are 10 
K/min, where this time was not considered), a ferromagnetic loop is seen. A 
subsequent air annealing for 2 hours turns the samples back into the 
paramagnetic state, and when the sample is annealed in vacuum again under 
the same condition, ferromagnetism returns and becomes even stronger. The 
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time dependence of the vacuum annealing of the substrates was studied and is 
shown in Fig. 6.2(b). By keeping the annealing temperature and pressure the 
same as in Fig. 6.2(a), it can be seen that the saturation magnetic moment (Ms) 
continuously increases with annealing time; however, the coercivity (Hc) 
remains constant. Temperature dependent vacuum annealing of the substrates 
are shown in Fig. 6.2(c), where it can be seen that below 600°C 
ferromagnetism cannot be turned on for the duration of time studied (2 hours). 
This temperature corresponds to 75 meV of thermal energy. In-plane and 
out-of-plane magnetic moment (M) to magnetic field (H) relation curve was 
plotted in Fig. 6.2(d), where the sample was annealed in vacuum for 4 hours 
and with temperature and pressures the same as in Fig. 6.2(a). By considering 
only the in-plane MH loop at different temperatures, it can be found that both 
Ms and Hc decrease with increasing measurement temperature. And it is 
similar for the out-of-plane case, where at room temperature Hc disappears, as 
shown in the inset of Fig. 6.2(d). Generally, the Ms measured in-plane is much 
larger than that measured out-of-plane. This indicates strong anisotropy of the 
ferromagnetism. The reversible ferromagnetism of TiO2 substrate in (110) 
orientation was studied and shown in appendix 8. 
Temperature dependent resistivity (ρ-T) of TiO2 crystals annealed 2, 4 and 8 
hours in vacuum were measured in the temperature range of 20 to 400 K, as 
shown in Fig. 6.3(a), where in this plot, two transitions can be observed 
around 40 and 280 K. Above 280 K, the resistivity decreases slowly with 
increasing temperature. Below 40 K, the decrease of resistivity with increasing 
temperature becomes more dramatic. In between 40 and 280 K, metallic 
behavior can be seen, where closer to 40 K regimes, resistivity changes much 
faster than that closer to 280 K regimes. The charge carrier density and the 
mobility between 20 and 360 K are plotted in Fig. 6.3(b). The charge carrier 
density increases with temperature until 40 K and then decreases with 
temperature until 100 K, after which, it shows increasing behavior again. In 
contrast, the mobility increases sharply with temperature between 20 and 40 K, 
and then decreases continuously. The differences in the resistivity, carrier 
density and mobility for the samples annealed in vacuum for different times (2, 




Figure 6.3: (a) Temperature dependent resistivity measurement of TiO2 samples 
vacuum annealed for 2, 4 and 8 hours. Thickness of 50 nm was used in the 
calculation. The curve near 300 K is expanded in the inset. (b) Hall effect 
measurement of the samples described in (a). The solid circles indicate the charge 
carrier density and the open circles represent mobility. 
To understand the nature of the above magnetic and electronic phenomena, the 
purity of the substrates was firstly checked by SIMS using calibrated standards 
as reference (TiO2 thin films containing 1% Ni, 1% Fe, 1% Co, 1% Mn and 1% 
Cr on Si substrate). Ni is the dominant magnetic impurity at 100 ppm level in 
the as received sample. In contrast, the concentrations of other standard 
magnetic impurities are at least one to two orders of magnitude smaller. As 
shown in Fig. 6.4(a), around 10% Ni was observed in the sample after vacuum 
annealing with 800°C for 4 hours. Even after air annealing, around 1% Ni still 
can be detected. Hence one can speculate that the ferromagnetism of TiO2 
substrate comes dominantly from Ni impurity though more evidence is 
required to substantiate the claim. RBS was done in order to verify this 
argument. As shown in Fig. 6.4(b), in both as received and air annealed 
samples, Ni concentration was too low to be detected. However, in the vacuum 
annealed sample, a significant Ni peak can be seen. The Ni concentration is 
around 12% out of 100% Ti by considering the peak to peak values in the 4 
hours vacuum annealed substrate, which is close to the value obtained by 
SIMS. As shown in Fig. 6.4(c), the RBS spectrum of vacuum annealed 
samples can be well fitted by Gaussian distribution, and the RBS random and 
channeled peaks of Ni overlap each other, which indicate that all the Ni atoms 
are in the interstitial locations. In addition, the surface peak of Ti is also quite 
large, which means that there is crystalline disorder near the surface. The 
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concentration of Ni in TiO2 substrates which were vacuum annealed for 1, 2 
and 4 hours was measured by RBS, as shown in Fig. 6.4(d). The intensity of 
the Ni peak increases with annealing time, which is consistent with the 
increasing behavior of the ferromagnetism. Interestingly, the Ni peaks are 
almost centered at the same position. The integrated Ni intensity ratio from 
RBS was plotted in the inset of Fig. 6.4(d), where the Ms ratio of those 
samples was shown as well. Both Ni intensity and the Ms increase with 
vacuum annealing time (t) as t1/2 suggesting a diffusion process. As can be 
seen, the Ms ratio increases faster than Ni intensity ratio, which suggests 
nonlinear ferromagnetic coupling with increasing Ni concentration. From 
thermodynamic point of view, the formation of Ni clusters is preferable under 
oxygen poor condition. As the bonding energy of Ni-O (373 ± 3 kJ/mol) is 
smaller than Ti-O (672.4 ± 9.2 kJ/mol) [138, 139], when oxygen escapes 
from TiO2 due to vacuum annealing, Ti is more competitive with respect to Ni 
in forming bond with the left over oxygen. Hence Ni forms metallic clusters 





Figure 6.4: (a) SIMS data of as received, vacuum annealed and air annealed TiO2. 
The vacuum and air annealing time is 4 hours. (b) RBS random curve of as 
received, vacuum annealed and air annealed TiO2 substrates as in (a). (c) RBS 
random, channeling and curve fit for the vacuum annealed sample in (a). (d) RBS 
random peak of TiO2 samples vacuum annealed for 1, 2 and 4 hours. Inset shows 
Ni peak intensity ratio and Ms ratio of the TiO2 samples annealed in vacuum for 
different times. Ni peak intensity was calculated by integration of the Ni peak 
area. 
TEM equipped with EDX shows the existence of Ni clusters near the sample 
surface as well. As shown in Fig. 6.5(a), a HRTEM cross sectional image of 
the 4 hours vacuum annealed TiO2 sample is seen. In Fig. 6.5(b), an element 
sensitive EDX scan of the same region is shown where it is seen that Ni is 
distributed densely within a 50 nm region close to the sample surface. As 
suggested by RBS channeling data, Ni may exist as interstitials or clusters. A 
higher resolution image shows such granular regions in the inset of Fig. 6.5(a). 
The granular Ni clusters in the ~ 50 nm TiO2 surface layer may partly explain 
the transport behavior as well. If we assume all the electrons from room 
temperature to 40 K were contributed by Ni atoms spread within a 50 nm 
region near the sample surface, it can be deduced from Fig. 6.3(b) that the Ni 
concentration is about 10% in that region, which is a reasonable value. (If we 
(a) (b)
(c) (d)

























































































assume a Gaussian distribution the Ni density near the center of this region 
may be closer to 30% or more providing near percolation) [140]. Of course, Ti 
interstitials may contribute electrons as well [89]. Because Ni does not form a 
continuous sheet, rather clusters with a small separation (tunnel barriers); the 
transport is similar to a cermet structure. This explains the relatively flat 
resistivity from room temperature to 40 K with a value close to 10-3 Ω·cm, 
characteristic of a bad metal. At very low temperatures, the tunnel barrier 
causes the resistivity to diverge and the barrier energy is about 3.4 meV. 
 
Figure 6.5: (a) HRTEM image of TiO2 crystal vacuum annealed at 800°C for 4 
hours. The likely Ni rich areas are shown by white circles. (b) Elemental scan of 
the same area described in (a), where the two dash lines show the boundary of the 
Ni rich region. 
The Ni impurity may come from three sources. The first one is the silver paint 
which appeared in the vacuum annealing. To investigate its effect, a piece of 
TiO2 substrate was annealed in vacuum (5×10-6 Torr) without using silver 
paint (heater temperature was set at 1000°C, as there is a gap between the 
heater and the sample, the actual temperature on the sample is unknown). Two 
hours’ vacuum annealing gives the sample a comparable magnitude and shape 
of the hysteresis ferromagnetism curve with the one annealed under 800°C 
with silver paint. As a result, we can neglect the first source. The second 
source of Ni is the heater in the chamber. To study the possibility, TiO2 
substrate sandwiched by two pieces of LAO (001) substrates was annealed in 
vacuum with one LAO substrate attached to the heater. Ferromagnetism was 
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observed in TiO2 substrate but not in LAO substrates. Hence most probably, 
Ni impurity is the parasite of TiO2 substrate, which may come from the third 
source, vendors’ substrate growth chamber. 
For comparing the transport properties and the magnetic properties of vacuum 
annealed TiO2, MT curves of the sample annealed in vacuum for 4 hours were 
measured and shown in Fig. 6.6(a), where the temperature range covers 10 to 
300 K. In the ZFC curve, a maximum value is observable at around 40 K, 
which is identical to the temperature where resistivity reaches minimum while 
carrier density and mobility reach maximum. Different cooling fields modify 
the shape of the MT curve. With 40 Oe cooling field, the magnetic moment 
curve becomes flat below 40 K. XAS data shows the existence of Ni in 
vacuum annealed TiO2 crystals as well. As shown in Fig. 6.6(b), Ni was not 
detected in the as-received sample. However, Ni2+ and Ni3+ peaks were 
obtained in both the vacuum annealed and air annealed samples, where the 
difference is that the Ni3+ peak in air annealed sample is much enhanced and 
the Ni2+ peak is much weakened comparing with the vacuum annealed one. As 
can be seen, for the vacuum annealed sample, L2, 3 edges of Ni2+ locate at 854 
eV and 873 eV separately. In addition, there is a shoulder located at 857 eV, 
which indicates the L2 edge of Ni3+. However, due to the limitation of the 
accuracy, L3 edge of Ni3+ cannot be separated clearly. The curve of the air 
annealed sample is not as that smooth as the vacuum annealed one, probably 
due to less Ni and the rough surface of the sample. Strangely, in the vacuum 
annealed sample, Ni was not observed in metal state. This might indicate that 
Ni exists only in oxidized states within the detection depth (around 20 nm to 





Figure 6.6: (a) Magnetic moment of TiO2 as function of the measuring 
temperature. In the legend, the number ahead of FC indicates the cooling field. 
For example, 50FC represents that the cooling field is 50 Oe. (b) XAS data of the 
as received, vacuum annealed and air annealed TiO2 samples. 
As already shown in Fig. 6.6(a), magnetic moment reaches maximum around 
40 K, which corresponds to the blocking temperature (TB) of Ni cluster with 
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                                              (6.1) 
where Keff is the anisotropy energy density, here taken as 5.7 × 104 J·m-3, 
which is the bulk value of Ni [142]. As the ferromagnetism of the vacuum 
annealed sample still exists at room temperature, by applying equation (6.1), 
the dominant Ni cluster size at 300 K can be calculated as 8.0 nm. However, it 
cannot be simply concluded that the Ni cluster size spreads between 4.1 and 
8.0 nm. As shown in the inset of Fig. 6.2(d), Hc decreases with temperature 
overall and keeps almost constant within 40 to 200 K, which indicates that the 
surface of the large size Ni cluster has already been oxidized at 40 K. Above 
this temperature, the outer oxide layer will protect the inside Ni cluster until at 
least 200 K. Hence, Ni might exist in TiO2 crystals as Ni-NiO core shell 
structure, which is identical with the XAS result that only Ni2+ and Ni3+ states 
can be detected. The exchange coupling in such kind of core shell structure 
will increase the superparamagnetic limit, which is very important in 
recording media [143, 144]. 
Ni contribution to ferromagnetism in TiO2 substrate was reported before, 
where Ni ions were intentionally ion implanted into TiO2 crystal and the 
relationship of ferromagnetism with Ni concentration was studied [145]. 






















































However, in that work one observation could not be explained properly. The 
measured saturation magnetization was much larger than the expected value of 
0.61μB/Ni. Hence current experimental result has given an answer to this 
controversy. In their case clearly in addition to the ion implanted Ni, there was 
impurity Ni dissolved in the substrate which segregated during the 
implantation annealing process adding to the Ni concentration at the surface. 
6.5 Summary 
In summary, vacuum annealed rutile TiO2 crystal shows ferromagnetism, and 
we have shown that the magnetic source is Ni clusters segregated by Ni 
contaminants that exist as NiO at 100 ppm level in commercially available 
TiO2 substrates. The segregation is thermally activated with a 75 meV barrier 
and under vacuum annealing, causes Ni to accumulate at the top surface and 
under subsequent air annealing Ni re-dissolves into the bulk. This segregated 
surface layer of Ni gives rise to the observed ferromagnetism and the surface 
conductance. The cermet structure of this layer leads to a bad metal which 
exhibits a tunneling behavior at low temperatures. Researchers in the field of 
DMS oxides are hence cautioned to not only check the level of magnetic 
impurities in the as received substrates (not limited to TiO2, but also applied to 
others like SrTiO3, ZnO, Al2O3, etc.) but also to double check the properties of 
the substrates under the film preparation conditions to minimize substrate 








Chapter 7 Structural, electronic and optical properties of transparent 
conducting SrNbO3 thin films 
 
Conducting oxides are generally not suitable for photocatalytic experiment 
basically due to lack of internal electric field. However, recently a red metallic 
oxide SrxNbO3 (x < 1) powders were found to be capable of light harvesting 
with application in photocatalytic water splitting [39]. To better understand the 
mechanism, we prepared epitaxial thin films and studied their structural, 
electronic and optical properties. We find that SrNbO3+δ forms cubic 
perovskite structure on LAO substrate with lattice constant of around 4.10 Å. 
The optical bandgap of the film is near 4.0 eV. Surprisingly, transport studies 
reveal that such large bandgap oxide (prepared under pressure 1 × 10-5 Torr) is 
found to be highly conducting, which is attributed to the large charge carrier 
density (1.43 × 1022/cm3 at room temperature). In contrast, the mobility is only 
around 2.5 cm2/Vs at room temperature, which is questionable for substituting 
the function of internal electric field in photocatalytic experiment.  
7.1 Introduction of the material 
If stoichiometric SrNbO3 can be prepared, it should be formed in cubic 
perovskite structure (ABO3) with lattice constant of 4.11 Å [146] and it would 
be an archetypal d1 oxide which might be expected to exhibit metallic 
conducting property based on DFT calculations [39, 147]. However, 
experimentally only non-stoichiometric SrNbO3 was synthesized possibly 
because of a phase separation and instability of the stoichiometric structure 
[148]. The SrxNbO3 compounds with x < 1 were firstly synthesized in 1955 
[149]. It mostly formed in cubic perovskite structure with 0.70 < x < 0.95 with 
the lattice constant increasing with strontium content [150]. For the samples 
with 0.60 < x < 0.70, cubic perovskite and tetragonal phases coexisted [151]. 
Later in the 90s, the electronic and magnetic properties of the compounds with 
0.70 < x < 0.95 were studied [132]. The samples exhibited metallic conducting 
property and the one with x = 0.80 showed minimum resistivity at room 
temperature (~ 1 × 10-3 Ω-cm). The color of the samples varied from 
blue-black to purple to red with increasing strontium content from 0.70 to 0.85 
and to 0.95.  In normal metallic systems, electron-hole pairs can be excited 
by photons, however, they are difficult to separate due to lack of internal field. 
 85 
 
However, metallic SrxNbO3 compounds formed with 0.8 < x < 0.9, where 
shown to be capable of light harvesting with potential for photocatalytic water 
splitting [39]. The efficiency for water splitting was attributed to high carrier 
mobility which could facilitate carrier separation though no evidence was 
presented. 
The thin film studies of SrxNbO3 (x < 1) were performed by very few groups 
[152-154]. Tomio et al first deposited a mixture of (100) - and (110) – oriented 
Sr0.95NbO3 films on SrTiO3 (100) substrates by PLD [152]. The films were 
prepared under high temperature (770° C) and low oxygen pressure (10-5 Torr). 
They had purple red color and low resistivity (3 X 10-4 Ohm-cm) at room 
temperature. Balasubramaniam et al deposited SrNbO3 films on STO, LAO 
and MgO substrates in nitrogen ambient with pressure in the range of 10-3 to 
10-1 Torr. They only focused on the structural analysis of the films. It was 
shown that epitaxial (100) – oriented SrNbO3 films could be formed on both 
STO (100) and LAO (100) substrates, but not on MgO. The depositions were 
all performed under high temperature (> 750 °C) in oxygen deficient 
environment. In such conditions, oxygen vacancies might be generated, which 
drastically reduced the resistivity of STO substrates [155]. Hence to obtain the 
transport properties of SrxNbO3 films more accurately, non-conducting 
substrates must be used. 
The band structure of SrNbO3 was constructed by DFT calculations, where the 
Fermi level was shown to lie within conduction band and 1.18 - 1.21 eV above 
the conduction band edge [147, 156]. The bandgap (energy difference between 
the half-filled band and highest fully filled band) was calculated as 2.79 eV for 
direct type and 2.31 – 2.38 eV for indirect type. The energy difference 
between the Fermi level and the lowest empty band was calculated as 1.8 eV 
[39]. Of course one must keep in mind that DFT calculations consistently 
underestimate bandgaps. The band structures of bulk SrxNbO3 (0.8 < x < 0.9) 
were experimentally studied by Isawa et al by using x-ray and ultraviolet 
photoelectron spectroscopy (XPS and UPS) [157]. The conduction (half filled) 
band and valence (highest fully filled) band were attributed to mainly Nb 4d 
with some hybridization with O 2p states and mainly O 2p with some 
hybridization with Nb 4d states respectively. The Fermi level was found to be 
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located in the conduction band, which was consistent with the metallic 
transport behavior of the films and was about 4 eV above the valence band 
edge (O 2p states). 
The experimental data of electronic transport, band structure and optical 
properties of thin film SrxNbO3 (x ൑ 1) are not available even today. In our 
work we fill this gap by successfully preparing epitaxial thin films and 
obtaining their structural, electronic and optical properties. 
7.2 Experimental section 
SrNbO3+δ target were prepared by solid reactions of SrCO3 and NbO2 powders, 
which were mixed with molar ratio of 1: 1 and ground for one hour before 
calcinations in 5% H2 – Ar gas at a temperature of 1200°C. Subsequently, the 
powder mixtures were ground again for one hour, and then been pressed into a 
solid pellet, which was sintered in the same gas ambient at 1300°C. The films 
were deposited from the target on LAO (100) substrate by PLD at a 
temperature of 750°C, laser energy density of 2 J/cm2 (5 Hz) and oxygen 
partial pressure of ~ 10-5 Torr. 130 nm thick films were made with half an 
hour deposition. The crystal structures of the films were studied by XRD and 
HRTEM. Elemental contents (Sr, Nb and O ratio) in the films were measured 
by particle induced x-ray emissions (PIXE). Optical bandgap of the films were 
measured by UV-vis spectroscopy and the electronic structures were studied 
by XPS and UPS. PPMS was used to measure the electronic transport 
properties. 
7.3 Results and discussions 
The crystal structures of the films deposited under oxygen partial pressure in 
the range of 1 × 10-5 Torr to 6 × 10-5 Torr are shown in Fig. 7.1. The substrate 
peaks overlap, but the film peaks are found to shift with oxygen partial 
pressure. The black, red, green and blue peaks labeled as SNO (200) 
corresponding to the lattice parameters (d/2, d is the lattice constant) of 2.055 
Å, 2.047 Å, 2.013 Å and 2.010 Å respectively, are seen to reduce with oxygen 
partial pressure. The rocking curves of the films are shown in the inset, where 
the full width at half maximum (FWHM) are 1.12°, 1.45°, 1.47° and 1.53° 
respectively, which increase with oxygen partial pressure. The large FWHM is 
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reasonable as the lattice mismatch of SrNbO3+δ film and LAO substrate is 
above 8%. The bright spots of the films obtained from D8 2D detector indicate 
the epitaxial growth of SrNbO3+δ on LAO, as shown as the background figure.  
 
Figure 7.1: XRD spectrum of SrNbO3+δ films prepared at 750°C and different 
oxygen partial pressures. Labels LAO (h00) indicates the substrates’ signal and 
SNO (h00) indicates the films’ signal. Inset shows the rocking curve of the films at 
SNO (200) peaks. Background figure shows the 2D XRD patterns of SNO film on 
LAO substrate. The bright yellow spots are corresponding for particular peaks in 
2θ plot. 
Fig. 7.2(a) shows the TEM image of SrNbO3+δ film on LAO, where the film 
was deposited under 1 × 10-5 Torr. The sharp interface clearly separates the 
film and the substrate. The atomic resolution images of SrNbO3+δ and LAO 
are shown in (b) and (c). As Al and O atoms have low atomic weights, only La 
atom in the substrate can be imaged. In contrast, both Sr and Nb atoms can be 
imaged in the film, where the image indicates the (001) plane of the perovskite 
structure. The electron diffraction patterns of SrNbO3+δ and LAO are shown in 
(d) and (e), where the lattice constant of the film and the substrate are 
measured as 4.09 ± 0.05 Å and 3.80 ± 0.05 Å respectively. Because of the 
large lattice mismatch between the film and the substrate, the out-of-plane 
(in-plane) lattice constant of the film is stretched (compressed) near the 
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interface and relaxes at the surface. However, the distortions are too small to 
be seen here. Hence the measured average lattice constant of LAO substrate is 
quite close to the actual value, and similarly the measured lattice constant of 
the film should be accurate. 
The lattice parameters of SrNbO3+δ obtained from XRD and TEM agree with 
each other. Hence we can conclude that SrNbO3+δ thin films can form simple 
cubic perovskite structure on LAO substrate with the lattice parameter of 
around 4.10 Å, which decreases with oxygen partial pressure during 
deposition. 
 
Figure 7.2: (a) TEM image of SrNbO3+δ film on LAO substrate. The film is 
prepared under 1 × 10-5 Torr. (b) Atomic resolution of SrNbO3+δ film. (c) Atomic 
resolution of LAO substrate. (d) Electron diffraction pattern of SrNbO3+δ film. (e) 
Electron diffraction pattern of LAO substrate. 
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The UV- vis transmission spectrums of the films are shown in Fig. 7.3(a) and 
the corresponding Tauc plots with indirect band model are shown in Fig. 7.3(b). 
The absorption edges near 300 nm are almost overlapped, which indicates the 
optical bandgap of the samples does not depend upon the oxygen pressure. 
The transmission of the films increases with oxygen partial pressure when the 
wavelength is above 600 nm. The drop of the transmission with wavelength 
(above 600 nm) may be explained by the Drude model, which normally 
appears in metallic systems. The optical bandgaps of the films fitted from 
Tauc plot are between 3.8 eV and 4.0 eV, which are larger than the calculated 
energy difference of the Fermi level and the valence band edge. The deviation 
may come from the under estimation of the bandgaps by DFT calculations. 
Interestingly, the optical bandgap keeps decreasing with oxygen partial 
pressure, which may indicate the shifting of the Fermi level away from the 
vacuum level with increasing oxygen content. In that case, we should expect 
the drop of the resistivity with oxygen partial pressure and we could estimate 
the width of the half-filled band from that. 
 
Figure 7.3: (a) Transmission of the films prepared under 750°C and series of 
oxygen partial pressures. (b) Tauc plot of the spectrums in (a). 
The resistivity of SrNbO3+δ film prepared under 1 × 10-5 Torr and 750°C 
shows weak temperature dependence, as shown in Fig. 7.4, where metallic 
transport behavior is clearly visible. The resistivity at room temperature is 
around 1.8 × 10-4 Ω-cm, which is comparable with that of commercial TCOs. 
The inset shows the resistivity of the films at room temperature, which indeed 
increases with oxygen partial pressure (the resistivity of the sample prepared 








































under 6 × 10-5 Torr overloads PPMS’s capability, which should be above 100 
Ω-cm). The sample prepared under 3 × 10-5 Torr shows semiconducting 
behavior (not shown here), which is due to the thermal excitation of electrons 
from donor states (Fermi level here) to the conduction band. Under the same 
condition, the optical bandgap of the sample decreases by about 0.2 eV. 
Assuming that the electronic bandgap is rigid, the changes of the optical 
bandgap should be totally attributed to the shifting of the Fermi level. Hence 
we can estimate that the half-filled band width of the sample prepared under 1 
× 10-5 Torr is close to 0.2 eV.  
The inset shows the pivotal role of oxygen partial pressure in producing 
conducting SrNbO3+δ, which resistivity can be reduced to 10-4 Ω-cm only 
when the oxygen partial pressure is below 2 × 10-5 Torr. 
 
 
Figure 7.4: Temperature dependent resistivity of the sample prepared under 
750°C and 1 × 10-5 Torr. Inset shows the room temperature resistivity of the 
samples as a function of the oxygen partial pressures. 
The charge carrier density (n-type) and mobility of the sample prepared under 
750°C and 1 × 10-5 Torr are shown in Fig. 7.5, both of which are weakly 
dependent on temperature. The carrier density reaches 1.43 × 1022/cm3 at room 
temperature, where such large value is only observed in metallic oxide 







































systems [39, 158, 159]. The electronic configuration of Nb is [Kr]5s14d4. In 
SrNbO3, each Nb atom donates four electrons to the neighboring six O atoms, 
leaving one electron in its 5s orbital. Assuming that the free charge carriers are 
all contributed by the left over 5s electrons, the theoretical carrier density of 
SrNbO3 can be calculated as 1.45 × 1022/cm3. As the measured value has little 
discrepancy with the theoretical value, one can believe that most of Nb atoms 
are formed in Nb5+ states and the discrepancy may come from a small number 
of Nb4+ states (4 electrons are donated to O and the fifth electron is strongly 
bonded). The mobility is only around 2.5 cm2/Vs at room temperature, which 
may be not adequate to separate carriers generated by photons as proposed in 
ref. [39].  
 
Figure 7.5: Temperature dependent charge carrier density and mobility of 
SrNbO3+δ film on LAO substrate. The film was deposited under 1 × 10-5 Torr. 
The effective oxidation state of Nb at the surface of SrNbO3+δ film deposited 
under 1 × 10-5 Torr was measured by XPS, as shown in Fig. 7.6(a). The 
binding energies of Nb 3d states (referenced to the adventitious C 1s peak, i.e. 
284.5 eV) could be simulated by superposition of two sets of envelopes, where 
the corresponding 3d5/2 peaks locate at 206.63 eV and 204.12 eV respectively. 
These values are very close to the observed binding energies of Nb 3d5/2 for 









































Nb5+ and Nb4+ by other researchers [157, 160]. The intensities of the peaks 
indicate the content of the corresponding items (Nb5+:Nb4+ = 6.4:1). Hence 
most of surface Nb atoms exist as Nb5+, which is consistent with our previous 
expectation. To obtain the niobium’s valence state in the bulk of SrNbO3+δ 
film, XAS study is required. Fig. 7.6(b) and (c) show the work function and 
the energy difference between the Fermi level and the valence band edge as 
3.73 eV and 3.80 eV respectively, where the latter is close to the measured 




Figure 7.6: (a) X–ray photoelectron spectroscopy of SrNbO3+δ film prepared 
under 750°C and 1 × 10-5 Torr. The binding energies were referenced to the 
adventitious C 1s peak (284.5 eV). The spectrum is simulated by superposition of 
two sets of Nb 3d peaks where the 3d5/2 peaks for Nb5+ and Nb4+ are located at 
206.63 eV and 204.12 eV respectively. The ratio of the peak area intensity of Nb5+ 
and Nb4+ is about 6.4:1. (b) Ultraviolet photoelectron spectroscopy of the film in 
(a). The beam energy is 21.2 eV. The work function of the electron analyzer was 
calibrated as 4.47 eV. 5 V bias was applied to the sample. Kinetic energy of the 
secondary edge was measured as 4.26 eV, as indicated by the black line cutting 
off the horizontal axis. (c) Energy difference between the Fermi level and valence 
band edge. Fermi level was calibrated as 0 binding energy. Inset shows the wide 
scan of the spectrum. 
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The lattice constant, optical bandgap and transport properties of SrNbO3+δ films 
are all dependent on the oxygen partial pressure during deposition. How are the 
atomic contents of Sr, Nb and O affected by the pressure? Fig. 7.7 shows the 
PIXE measurement of the films deposited under different oxygen partial 
pressures. The spectra overlap with each other which indicate the constant Sr 
to Nb atomic ratio with deposition pressure. Hence the different performances 
in crystal structural, optical and electronic properties of the films are entirely 
attributed to O content in SrNbO3+δ film. Isawa observed the hybridization of 
Nb 4d and O 2p states in the conduction band of bulk SrxNbO3 (0.8 < x < 0.9) 
[157]. We think it also happens in our current study. Increasing oxygen 
content may break this hybridization and localize the electrons. 
 
Figure 7.7: Particle (proton) induced x-ray emission spectrum of SrNbO3+δ films 
deposited on LAO substrate under different oxygen partial pressures. Peaks 
corresponding to particular element are labeled. 
 
7.4 Summary 
Epitaxial SrNbO3+δ films were deposited on LAO substrate at different oxygen 
partial pressures. It forms cubic perovskite structure with the lattice constant 























of 4.10 Å. δ is strongly dependent on the preparation pressures and it was 
estimated to be close to zero at 1 × 10-5 Torr. The optical bandgap of SrNbO3+δ 
films was measured as close to 4.0 eV. The resistivity of the sample prepared 
at 1 × 10-5 Torr was measured as close to 1.8 × 10-4Ω-cm and it is weakly 
dependent of the measurement temperature. The low resistivity of the sample 
is attributed to the high charge carrier density, which reaches 1.43 × 1022/cm3 
at room temperature. The mobility is only around 2.5 cm2/Vs at room 
temperature. XPS studies showed the niobium’s valence state as close to 5+ 
near the surface and UPS studies verified the measured optical bandgap. 
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Chapter 8 Summary and outlook 
8.1 Summary 
In this thesis some basic and well known properties of TiO2 have been 
introduced and newly discovered properties in this thesis work, such as the 
shift of energy band levels with Ta concentration, metal to insulator transition 
and transition of transport mechanisms at low temperatures for TiO2 thin film 
upon Ta doping have been described in detail. In addition, we have studied Ni 
impurity mediated reversible ferromagnetism in rutile TiO2 substrate upon 
annealing. Besides TiO2, we have studied another TCOs material SrNbO3+δ 
which has optical bandgap close to 4 eV and also has potential application as 
photocatalyst in water splitting. The TiO2 work is summarized in two parts 
here: transport properties of anatase films and magnetic properties of rutile 
substrate.  
8.1.1Transport properties of anatase TiO2 thin film 
Pure anatase TiO2 thin films (single crystal) were prepared by PLD technique 
onto LAO substrate. The samples showed semiconducting behavior in the 
whole measuring temperature range (2 K to 300 K) or a partial range (below 
170 K) with different oxygen partial pressures during deposition. Near 1.4 × 
10-5 Torr, a resistivity minimum was found, which was attributed to the 
competition of donor (oxygen vacancies) and acceptor states (compensating 
defects). The transport property at low temperatures followed variable range 
hopping mechanism, which was caused by oxygen vacancy (participate in low 
oxygen pressure) induced random potentials. When the film was doped with 
Ta (0.1% to 0.4% atomic ratio), the crossover temperature (below which 
semiconducting trend was followed and above which metallic trend was 
followed) decreased with Ta concentration. Besides, weak localization became 
dominant in the doped samples while strong localization dominated in the pure 
TiO2 films. 
When the Ta doping concentration became larger (> 1%), completely metallic 
transport behavior of anatase film was obtained. It was shown that Ta 
incorporation pushed upwards both the conduction and valence band edges, 
with the effect stronger with the conduction band resulting in an increase in 
the bandgap. By measuring the energy level shifts with Ta concentration, it 
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was proposed that TiO2 thin film should become degenerate when Ta 
concentration exceeds 0.8%, which was close to the measured experimental 
data (0.4%). 
8.1.2 Ferromagnetism of rutile TiO2 substrate induced by Nickel impurity 
As received TiO2 substrate was found to be insulating and paramagnetic. 
However, after annealing in vacuum (5 × 10-6 Torr) with temperature 
exceeding 600°C, it became ferromagnetic and conductive. After annealing in 
air, the same substrate returned to its initial state (insulating and paramagnetic). 
Verifying with several techniques (SIMS, RBS, TEM, XAS), it was shown 
that Ni clusters segregated to the surface of the sample when it was annealed 
in vacuum and dispersed back when it was annealed in air, consistent with the 
reversible behavior of the magnetic properties. As the substrates were 
provided by three vendors located at USA, Europe and Japan separately, it was 
highly suspected that this phenomenon was universal, at least for commercial 
TiO2. Hence it is crucial for researchers to double check the magnetic impurity 
content in the substrate (not limited to TiO2) processed at the same condition 
of the thin film preparation.  
8.1.3 Structural, transport and optical properties of SrNbO3 
Strontium niobate, a large bandgap conducting oxide, was found to form in 
cubic perovskite structure on LAO substrate with the lattice constant close to 
4.1 Å. The optical bandgap was measured to be 4.0 eV and it slightly 
decreased with oxygen partial pressure during deposition. An XPS study of the 
film was performed, where niobium’s valence state was closer to 5+ rather 
than 4+.  The resistivity (~1.8 × 10-4Ω-cm) at room temperature was 
comparable to commercial TCOs and was attributed to the large charge carrier 
density (~1.4 × 1022cm-3) despite the low mobility (~ 2.5.cm2V-1s-1) measured. 
Hence we question enhanced electron-hole separation in SrxNbO3 (0.8 < x < 
0.95) for photocatalytic water splitting on account of such low mobility [39].  
8.2 Outlook 
We have shown that the optical bandgap of TiO2 film in anatase phase can be 
enlarged continuously by Ta incorporation (maximum 0.2 eV by 25% of Ta 
incorporation, Appendix 6), which may push its CB edge towards vacuum 
level. As TiO2 plays a very important role in energy conversion process such 
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as DSC, water splitting and CO2 reduction, and all of these processes are 
related to the CB edge of TiO2, it is very interesting to setup experiments 
which will compare the efficiency and product types, for example in CO2 
reduction process, by using different Ta doped TiO2 versus pure TiO2 thin 
films. To implement this assumption, we are facing a big challenge. The entire 
conclusion we have obtained is based on the studies of single crystalline TiO2 
thin film in anatase phase. Whether it is applicable to bulk or Nano-size TiO2 
in rutile phase needs more investigations.   
Besides, as Ta doped TiO2 is an n type semiconductor, if somehow a p type 
TiO2 can be prepared, the future of this material will be brighter. Up till now, 
some stable trivalent (Al3+, Ga3+, La3+, Er3+, Ho3+, and Nd3+) and divalent 
(Cu2+) elements have been introduced into TiO2 lattice in quest for p type 
conductivity. Unfortunately, none of them worked, possibly because none of 
them make a shallow acceptor level near the VB edge. In future, probably 
anionic doping like N3- can be explored. 
Another important issue worth pursuing is the specific atom content in 
SrNbO3 film and also the lattice locations of Sr and Nb which is difficult to be 
analyzed by RBS as the atomic weights of Sr and Nb are too close to be 
separated in the spectrum. When Sr is replaced by Ca or Ba, such problem can 
be solved beautifully. Hence it is important to study the corresponding 
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Appendix 1 Derivation of equation (3.7) from equation (3.6) 
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Appendix 2 Values of the constants in equation (3.8) 
1/4
5 0exp TA T B T C D
T
              
 
A = 1.815	 ൈ 10ିଽ 
B = 16.8 
C = 958.563  
D = 2.041	 ൈ 10ିଷ 






Appendix 3 Fitting details of Figure 3.5 (a) 
 
AppFig 3.1: Cubic polynomial fitting of the MR at 2 K. 
 
AppFig 3.2: Cubic polynomial fitting of the MR at 5 K. 

























% A -0.19289 0.08463
% B 0.09812 0.0939
% C 1.30501 0.02767
% D -0.08529 0.00227



























% A 0.03842 0.01821
% B -0.0459 0.0202
% C 0.07968 0.00595




AppFig 3.3: Cubic polynomial fitting of the MR at 8 K. 
 
AppFig 3.4: Cubic polynomial fitting of the MR at 10 K. 
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% A 0.03601 0.00866
% B 0.00904 0.00898
% C -0.02132 0.00248
% D 0.00276 1.9353E-4


























% A -0.01118 0.00439
% B 0.03676 0.00487
% C -0.03437 0.00144




AppFig 3.5: Cubic polynomial fitting of the MR at 50 K. 
Cubic polynomial is the minimum order for simulating all the five curves. Some 
of them are been fitted by lower order, e.g. MR at 5 K and 50 K are been fitted 






























% A -9.73994E-4 0.00104
% B -3.13533E-4 0.0011
% C -0.00477 3.09666E-4
% D 2.18872E-5 2.46385E-5
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Appendix 4 The impedance spectra of 3.5%, 6.4% and 8.9% Ta-TiO2 
films 
 
AppFig 4.1: Nyquist plots of 3.5% Ta incorporated TiO2 without Al buffer 
contact layer. The frequency range shown here is from 0.1 Hz to 30 kHz. The inset 
graph is the expanded scale of the high frequency data. 
Comparing with the spectra of 1.5% Ta-TiO2, the semi-circle at high frequency 
in the plot here becomes less obvious. When the sample becomes more 
conductive, the fluctuation of the impedance spectroscopy becomes more 
significant, which introduces more error to the experiment. Anyhow, by 
repeating the measurement many times, acceptable data still can be obtained. 











































AppFig 4.2: Nyquist plots of 6.4% Ta incorporated TiO2 without Al buffer 
contact layer. The frequency range shown here is from 0.1 Hz to 30 kHz. The inset 
graph is the expanded scale of the high frequency data. 
 
AppFig 4.3: Nyquist plots of 8.9% Ta incorporated TiO2 without Al buffer 
contact layer. The frequency range shown here is from 0.1 Hz to 30 kHz. The inset 
graph is the expanded scale of the high frequency data. 













































































Appendix 5 Zeview fitting parameters of R, R’, TCPE, PCPE, ω''max for the 
equivalent circuit in Fig.4.6 (c) 
 
   Pure TiO2 
 
Voltage(V) R(Ω) R'(Ω) TCPE PCPE ω''max 
0 3.67E+06 6.76E+07 5.59E-08 0.92 0.030 
-0.1 3.21E+06 8.19E+07 5.90E-08 0.91 0.030 
-0.2 3.07E+06 8.79E+07 6.16E-08 0.91 0.030 
-0.3 2.91E+06 8.96E+07 6.49E-08 0.91 0.030 
-0.4 2.82E+06 8.05E+07 6.76E-08 0.90 0.030 
-0.5 2.71E+06 8.59E+07 7.13E-08 0.90 0.030 
1.5% Ta-TiO2 
  
   
  
0 1.32E+03 1.34E+07 5.06E-07 0.92 0.010 
-0.1 1.27E+03 1.42E+07 5.00E-07 0.91 0.010 
-0.2 1.50E+03 1.32E+07 4.93E-07 0.90 0.010 
-0.3 1.43E+03 1.28E+07 5.05E-07 0.89 0.010 
-0.4 1.13E+03 1.22E+07 5.42E-07 0.89 0.010 
-0.5 1.10E+03 6.37E+06 5.68E-07 0.89 0.010 
3.5% Ta-TiO2 
  
   
  
0 2.57E+02 6.67E+06 5.93E-07 0.92 0.006 
-0.1 2.88E+02 6.41E+06 5.94E-07 0.92 0.006 
-0.2 3.01E+02 6.86E+06 6.07E-07 0.92 0.006 
-0.3 2.88E+02 4.06E+06 6.16E-07 0.91 0.006 
-0.4 2.77E+02 3.86E+06 6.28E-07 0.90 0.006 
-0.5 2.59E+02 2.68E+06 6.58E-07 0.90 0.006 
6.4% Ta-TiO2 
   
  
  
0 1.42E+02 4.05E+05 7.41E-07 0.93 0.005 
-0.1 1.18E+02 7.69E+05 7.14E-07 0.92 0.005 
-0.2 1.13E+02 7.97E+05 7.12E-07 0.91 0.005 
-0.3 1.17E+02 6.70E+05 7.21E-07 0.90 0.005 
-0.4 1.15E+02 5.65E+05 7.50E-07 0.90 0.005 





0 2.35E+02 9.89E+06 6.27E-07 0.87 0.006 
-0.1 2.23E+02 9.72E+06 5.73E-07 0.86 0.006 
-0.2 1.68E+02 9.82E+06 6.21E-07 0.87 0.006 
-0.3 1.45E+02 9.57E+06 6.50E-07 0.87 0.006 
-0.4 1.24E+02 8.38E+06 6.17E-07 0.85 0.006 





Appendix 6 Transport and optical properties of TaxTi1-xO2 films with Ta 
concentration (x) between 20% and 30% 
Ta incorporated TiO2 films with Ta concentration between 20% and 30% were 
prepared to investigate the maximum Ta concentration that anatase TiO2 lattice 
can sustain. Ta incorporated TiO2 films in anatase phase with Ta concentration 
20% and 25% are metallic in the measurement temperature range of 2 K to 
300 K. However, when Ta concentration was increased to 30%, the resistivity 
and charge carrier density of the film show semiconducting behavior at low 
temperatures. The optical bandgap of the films keeps increasing with Ta 
concentration, until which reaching 25%, it becomes saturating. Hence 25% is 
concluded as the maximum concentration that Ta can exist in anatase TiO2 
crystal lattice. 
TaxTi1-xO2 films (x = 0.2, 0.25 and 0.3, which are the nominal concentrations 
of Ta in the targets) were prepared by PLD with the setup same as described in 
chapter 3. The base pressure was kept at 5×10-7 Torr. The films were prepared 
at 700°C under oxygen partial pressure of 1.4 × 10-5 Torr. The laser energy 
density was 2 J/cm2 and 5 Hz was used as its frequency. The thickness of the 
films was measured as around 100 nm, which took half an hour deposition. 
The crystal structure of the films is measured as anatase form, which is same 
as in Fig. 3.1. When Ta concentration exceeds 30%, it is difficult to obtain 
single phase of anatase TiO2 film.  
Temperature dependent resistivity and the corresponding charge carrier 
density and mobility of the samples were measured and shown in AppFig 6.1. 
The films with Ta concentration of 20% and 25% show entirely metallic 
behavior in the measurement temperature range (AppFig 6.1(a)). In contrast, 
the film with Ta concentration of 30% shows a resistivity minimum near 60 K, 
which indicates a semiconducting behavior below this temperature. The 
resistivity at the same temperature keeps increasing with Ta concentration, 
which follows the argument about the existence of an optimum Ta 
concentration (6.4% in Fig. 4.5) that makes the anatase TiO2 film most 
conductive. The resistivity of the film with 30% of Ta shows logarithmic 
temperature dependence below 60 K, which suggests weak localization as the 
mechanism. The mobility (AppFig 6.1(b)) of all three films decreases with 
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increasing temperature, which is due to the enhanced electron-phonon 
scattering at higher temperature. However, the charge carrier density (n type) 
of the films with Ta concentration of 20% and 25% deviates from normal 
metallic system where it should be independent of temperature. I have limited 
knowledge to understand this deviation. Below 60 K, charge carrier density 
changes with temperature in different manners for the films with different Ta 
concentrations: for the film with 20% of Ta, charge carrier density decreases 
with temperature; for the film with 25% of Ta, charge carrier density is 
independent of temperature; and for the film with 30% of Ta, charge carrier 
density increases with temperature. Hence 25% of Ta is a boundary to separate 
the temperature dependent charge carrier density of the films below 60 K. 
 
AppFig 6.1: (a) Temperature dependent resistivity of Ta-TiO2 films with different 
Ta concentrations. (b) Temperature dependent charge carrier density (left axis) 
and mobility (right axis) of the films in (a). 
The transmission and the corresponding Tauc plots for obtaining the optical 
bandgaps of the films are shown in AppFig 6.2. The absorption edge (AppFig 
6.2(a)) near 300 nm shows a slightly shift with Ta concentration. The 
corresponding Tauc plots (AppFig 6.2(b)) indicate a blue shift of optical 
bandgap of Ta-TiO2 films with Ta concentration. The optical bandgap keeps 
increasing with Ta concentration until 25%, after which, it starts to saturate. 
The maximum optical bandgap of Ta incorporated TiO2 films in anatase phase 
is around 3.55 eV, which is around 0.2 eV larger than that of pure anatase TiO2 
film. We have discussed the shift of the bandgap edges with Ta incorporation 
in chapter 4. As that shift is related to the blue shift of the optical bandgap, it is 























































toward vacuum level with Ta concentration of 25%. It may have important 
applications in photocatalytic experiments like water splitting and CO2 
reduction. Hence it will be investigated in details in future. 
 
AppFig 6.2: (a) Transmission of Ta incorporated TiO2 films in anatase phase 
with Ta concentrations of 20%, 25% and 30%. (b) The corresponding Tauc plot 
of the films in (a). Indirect bandgap model is applied in Tauc plot.  




































Appendix 7 Transmittance spectrum of (001) TiO2 substrate treated 
under different conditions 
The absorption edge of the sample treated under different conditions locates at 
the same wavelength, corresponding to the bandgap of 3.0 eV. The continuous 
drop of the transmittance above 500 nm for the vacuum annealed sample is 
related to the free electron excitations (Drude model), which is discussed as 
mainly coming from ionized nickel impurities. For the sample subsequently 
anealed in air after in vacuum, the transimittance curve between 410 nm and 
600 nm is shallower comparing with the as received sample. This may be the 
result of the silver paste at the backside as it is tough to be removed 
completely when the sample is annealed in air with high temperature.  
 
AppFig 7: Transmittance spectrum of (001) TiO2 substrate treated under 
different conditions: as received (black); annealed in vacuum (5×10-6 Torr) with 





























Appendix 8 Comparison the magnetic property of TiO2 substrates with 
(001) and (110) orientations annealed in the same vacuum condition 
Two pieces of TiO2 substrates with (001) and (110) orientations are attached 
side by side onto the heater and annealed in vacuum (5×10-6 Torr) with 800 °C 
for 2 hours. Obviously, at the same measurement temperature, the magnetic 
loop of the (001) surface is broader than the one of the (110) surface, which is 
due to the easier diffusion of nickel impurity in the former case [161]. The 
annealing temperature and time dependent of the ferromagnetism of TiO2 
substrate with (110) orientation is just similar as the one with (001) 
orientation. 
 
AppFig 8: Magnetic moment versus field (MH) measurement of TiO2 substrate 
with different orientations. The annealing temperature is 800°C and the 
annealing time is 2hours. 
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